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Summary of research supported by grant NAGW-3497

It can be seen frpm th elist of publications and presentations that this grant has supported

a large amount of work in a variety of topics. The research supported by this grant can be divided

into three basic topics: 1) Plasma waves in the Venus magnetosheath; 2) Plasma waves in the

Venus foreshock and solar wind; 3) Plasma waves in the Venus nightside ionosphere and

ionotail. We will briefly describe the major results in each of these areas here.

1) Plasma waves in the Venus magnetosheath

This topic is the major research are supported by this grant. The main issues to be

addressed were: a) What are the wave modes observed in the magnetosheath and upper

ionosphere? b) Are the waves a significant source of heating for the topside ionosphere? and c)
what is the source of the waves?

There is still considerable debate within the scientific literature concerning the possible

wave modes. However, the consensus appears to be that the waves are not whistler-mode waves

propagating through the magnetosheath from the bow shock [Strangeway and Russell, 1996], as

originally hypothesized [Scarfet al., 1979; Taylor et al., 1979]. Instead the waves appear to be

generated in situ. They therefore appear to be an important element in the coupling of the solar

wind to the planetary ionosphere, acting to transfer momentum from one species to the other.

We have also found that the waves mainly occur above the ionosphere, in a region known

as the plasma mantle [Strangeway and Russell, 1996]. In this region the magnetic field is mainly

draped over the ionopause. This theretbre makes it unlikely that the waves transfer energy from

the magnetosheath to the ionosphere [Strangeway and Crawford, 1993]. Moreover, the waves

occur in a region where the magnetic field rotates to a more flow aligned direction. It is possible

that the field-aligned currents associated with the field rotation generate the waves. On the other

hand, because this is a region of mixed magnetosheath and ionospheric plasma, some form of

"pick-up" ion instability could operate.

In pursuing the nature of the field-aligned currents, we have found that the rotation of the

magnetic field is such that the field is more flow-aligned at lower altitudes. This strongly implies

that the flow is significantly reduced at lower altitudes due to mass-loading. Since mass-loading





is themost likely causeof thefield-alignedcurrents,thewavesarealmostcertainlya
consequenceof the interactionof thetwo plasmas(eithercurrentdriven,or pickup ions),andnot
asourceof thecurrents.

Theregionof field-alignedcurrentandplasmawavesis thereforeanadditionaltransition
region,besidesthebow shockandionopause.Upstreamof thebowshockwehaveundisturbed
solarwind, while in the ionosphere,of course,theplasmais primarily of planetaryorigin. It is
possiblethatthetransitionregionwehavefoundabovethedaysideionosphereevolvesto
becomethe"IntermediateTransition"observedfurther downstreamof theplanet[Perez-de-
Tejada et aL, 1995]. Such a suggestion can be addressed through more data analysis, but perhaps

the most useful tool is three-dimensional mass-loaded magnetohydrodynamic simulation.

Recently, collisional Joule dissipation has been invoked as another means for absorbing

wave energy in the ionosphere of Venus [Cole and Hoegy, 1996]. However, we have shown that

the Joule dissipation at the altitudes where the waves occur is essentially zero, and again the

waves are not a significant source of heat for the dayside ionosphere [Strangeway, 1996].

With the support of this grant we have advanced our under the waves in the dayside

magnetosheath of the planet.. We have demonstrated that the waves do not supply heat to the

ionosphere. Moreover, it is apparent that mass-loading of the solar wind is occurring near where

the waves are observed, and it is possible that the waves act to transfer momentum from the solar

wind to plasma of planetary origin.

2) Plasma waves in the Venus foreshock and solar wind

In addition to the research on waves in the magnetosheath we have also carried out some

research on waves observed upstream of the planetary bow shock in a region known as the

foreshock. The foreshock and bow shock modify the ambient magnetic field and plasma, and we

should understand this region if we are to also understand the magnetosheath.

One of the most interesting results we have found was made possible by mapping the

plasma waves observed in the electron foreshock, using data acquired over several years

[Crawford et al., 1993; Strangeway and Crawford, 1995a; Strangeway and Crawford, 1995b].

We found that the electron plasma oscillations did not begin at the point where the field lines in

the upstream solar wind are tangential to the bow shock (this is the at which electrons can begin
to be accelerated and reflected at the shock). Instead the waves peak in amplitude some distance

away from the shock. In addition the waves fade away about 15 Venus radii away from the

shock. A similar result was found at the Earth, except that the distances where about a factor of

ten greater [Greenstadt et al., 1995]. This indicates that the energy acquired by the electrons at

the shock depends on shock size, in that the decrease in wave amplitude upstream of the shock

implies that no electrons have sufficiently high energy to travel upstream to the location where

the waves weaken. Instead the electrons are convected downstream by the solar wind. Since the

electrons gain energy by drifting along the shock, it is reasonable for the amount of energy

gained to be determined by the shock radius of curvature.





On the other hand, the maps of the foreshock wave emissions at Venus did show a

difference with respect to the Earth, at least with regard to the ion foreshock. We found that the

ion acoustic waves, which were thought to be driven by ions reflected at the bow shock, were

observed further downstream than the ULF waves, also though to be driven by ions from the

shock [Strangeway and Crawford, 1995a; Strangeway and Crawford, 1995b]. This implies that

the ion acoustic waves have a different source than the ULF waves. The source for the VLF ion

acoustic waves has yet to be determined.

3) Plasma waves in the Venus nightside ionosphere and ionotail

Although most of the research supported by this grant was directed to wave observations

on the dayside of the planet, we also analyzed data from the nightside. The plasma waves

observed by the Pioneer Venus Orbiter in the nightside ionosphere of Venus continue to be of

considerable interest, primarily because they have been cited as evidence for lightning on Venus

[Strangeway, 1995]. The lightning hypothesis has been further strengthened since a recent study

[Ho et al., 1995] has shown that the waves are not associated with gradients within the plasma,

which would be expected if a local instability were to be the source of the waves.

Recently, the lightning hypothesis has come under attack from a new direction. If the

waves observed in the low altitude ionosphere are indeed due to lightning, then they must

propagate through the highly collisional bottomside ionosphere. The collision frequency is so

high at the lowest altitudes (-- 130 kin) that the waves will heat the ionosphere. It has been

argued [Cole and Hoegy, 1996] that the amount of heating will be so great that the ionosphere

will be significantly perturbed by the waves. Since the ionosphere is not perturbed, then Cole and

Hoegy argue that we must reject the lightning hypothesis.

However, it has been pointed out [Strangeway, 1996] that at higher altitudes, the collision

frequency is small enough that electron heat conduction can carry the heat away, even with

relatively large conduction scale lengths. At lower altitudes the heat conduction is weaker, and so

some local heating does occur. However, because the heat conduction is weak, the region of

enhanced temperatures is thermally isolated. Thus, even though there is some local heating in the

bottomside, there is no evidence for this heating in the topside ionosphere.

At higher altitudes in the nightside we have discovered ion acoustic waves that appear to

be a signature of flowing ions of ionospheric origin [Intriligator et al., 1994], while in the tail

lobes we have observed bursts of waves at 5.4 kHz [Ho et al., 1994]. Through comparison with

Langmuir probe data, and polarization analysis, we deduce that the waves are plasma

oscillations, indicating that the lobe density can be as low as 0.36 cm -3.
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Plasma waves and field-aligned currents

in the Venus plasma mantle

R. J. Strangeway and C. T. Russell

Institute of Geophysics and Planetary Physics, University of California, Los Angeles

Abstract. Plasma waves, observed above the dayside Venus ionosphere by the Pioneer Venus

Orbiter (PVO) plasma wave instrument, have been attributed to whistler mode waves, lower

hybrid waves, or ion acoustic waves. In order to clarify the nature of the waves, we have performed

both case study and statistical analyses of the plasma wave and magnetic field data. We find that

the plasma wave data are well ordered by altitude with respect to the location where the PVO

Langmuir probe, or orbiter electron temperature probe (OETP), measures a density of 100 cm -3,

known as the OETP ionopause. The dominant signature in the wave data appears to be a change in

the instrument noise level because of changes in the plasma Debye length. However, there is a

burst of wave activity near the OETP ionopause. Also, we find that there is a rotation in the

magnetic field at or near this location. By casting the magnetic field data into a coordinate system

ordered by the presumed magnetosheath flow, we find that the rotation of the field tends to orient

the field in a more flow-aligned direction at lower altitudes. We attribute this to mass loading at

lower altitudes. We further suggest that the field-aligned current associated with the field rotation

corresponds to a shear Alfvdn wave standing in the magnetosheath flow. The field-aligned currents

are present because of boundary conditions imposed on the flow, and it is not clear if the waves are

actually associated with the field-aligned currents or are simply coincidental. Since the waves are

observed at the OETP ionopause, further progress in understanding these waves will be made

though determining what underlying plasma structure, if any, is related to the OETP ionopause,

which is defined by a specific instrument threshold. Nevertheless, our study confirms that the

wave activity, field-aligned currents, and OETP ionopause ail occur within the plasma mantle

above the ionosphere. As such, the plasma waves are not an energy source for the dayside

ionosphere.

1. Introduction

The ionosphere forms the principal obstacle to the solar

wind for an unmagnetized planet, allowing direct interaction

between the solar wind and ionospheric plasma. At Venus, part

of this interaction occurs in a region known as the plasma

mantle [Spenner et al., 1980], which lies above the dayside

ionopause of Venus. The mantle contains a mixture of iono-

spheric and solar wind plasma. VLF and ELF plasma waves are

observed in this region by the Pioneer Venus Orbiter (PVO)

[Crawford et al., 1993], and it appears likely that these waves

are a consequence of the mixed plasmas. A similar region is
found at Mars [Nagy et al., 1990; Sagdeev et al., 1990],

although it is referred to as the ptanetosphere rather than the

mantle, and plasma waves are also observed within this region

[Grard et al., 1991].
At Venus the VLF and ELF waves were originally thought to

be whistler mode waves generated at the bow shock, propagat-

ing through the magnetosheath to be absorbed within the

ionosphere [e.g., Scarf et al., 1979, 1980a; Taylor et al.,

1979]. However, SzegiJ et al. [1991] pointed out that the mag-
netic field near the ionopause (in the mantle) is draped over the

ionopause. Since whistler mode waves tend to carry energy

parallel to the ambient magnetic field, very little wave energy

Copyright 1996 by the Amercian Geophysical Union.
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is consequently transported to the ionosphere. Instead, Szegdi

et al. [1991] suggested that the waves were lower hybrid waves

generated by the relative drift between ions of planetary and

solar wind origin.

Unfortunately, lower hybrid waves also carry most of their

wave energy flux parallel to the ambient field [Strangeway and

Crawford, 1993]. Moreover, thermal effects, such as ion and

electron Landau damping, were neglected by SzegO et al.

[ 1991 ]. Thus Strangeway and Crawford [ 1993] concluded that

an ion acoustic-like instability [Taylor et al., 1981] may best

explain the waves. Huba [1993] followed up on this sug-

gestion and found that an ion-acoustic instability could be

generated by the relative drift between shocked solar wind

electrons and cold planetary oxygen ions. The group velocity

of these waves is =(niTe/nemi) 1/2 = 10 km s-I for typical man-

tle values, where n i is the oxygen ion density, T e is the mag-

netosheath electron temperature, n e is the electron density,

and m i is the ion mass. Electrostatic ion acoustic waves have

lower energy density than electromagnetic whistler mode

waves for the same electric field amplitude. This, combined

with the low group velocity, implies that ion acoustic waves

would not transport significant energy from the mantle to the

ionosphere.

More recently, however, Shapiro et al. [1995] have argued

that cold electrons of planetary origin would tend to quench

the ion acoustic instability discussed by Huba [1993]. Instead,

they suggested that the modified two-stream instability gener-

ates waves in two branches. One, the lower hybrid (or hydro-

dynamic) branch, is below the lower hybrid resonance

17,313
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frequency and is not detectable by the Pioneer Venus wave
instrument. The other, which they refer to as the kinetic

branch (absent in the earlier analysis of Szeg6 et al. [1991])

would be detectable by PVO. It should be noted, however, that

this so-called kinetic branch appears to be simply the whistler

mode resonance cone. Inspection of equation (11) and Figure 6

of Shapiro et al. [1995] shows that for this branch, co =

OJih(mp/me)l/2(kLi/k) = _2eCOS0, where _0 is the wave frequency,

mp and m e are the proton and electron masses, respectively, f2e
is the electron gyrofrequency, oJm is the lower hybrid fre-

quency (= f2e(me/mp)l/2), k is the wave vector, 0 is the angle of
the wave vector with respect to the magnetic field, and kll =

kcos0. For this mode the assumption that to << f_e is no longer

valid, and kinetic effects due to gyroresonance, as well as

Landau damping by the cold (planetary) electrons, should be

included. The group velocity of both wave modes considered

by Shapiro et al. [1995] is primarily along the magnetic field

and hence mainly tangential to the ionopause.

It therefore appears unlikely that the waves observed in the

Venus plasma mantle are a significant source of energy for the

dayside Venus ionosphere, regardless of the wave mode con-

sidered. However, the waves may play an important role

within the mantle. If they are generated by the relative drift

between magnetosheath and planetary ions, they may provide

momentum coupling and also cause local heating of the plan-

etary ions. On the other hand, Crawford et al. [1993] showed
that the waves are often associated with field-aligned currents

within the mantle region. It is therefore possible that the

waves are generated by the field-aligned currents and may be a

source of anomalous resistivity within the plasma. It is the

purpose of this paper to determine, from a statistical view-

point, where the waves occur within the mantle and what other

phenomena are associated with the waves. This will hopefully

provide an initial step in constraining the various hypotheses

put forward to explain the waves.
In section 2 we will discuss the different definitions of the

ionopause at Venus. We will show that the ionopause as

defined by the Langmuir probe (the orbiter electron temper-

ature probe (OETP) ionopause) orders the plasma wave data. Of

the various ionopause definitions the OETP ionopause is at

highest altitude and generally lies within the plasma mantle,

as defined by Spenner et al. [1980]. In section 3 we will

describe a coordinate system used to order the magnetic field

data. This coordinate system, which is aligned along the radial

and assumed magnetosheath flow directions, allows us to show

that the magnetic field is deflected above the ionosphere, in a

manner consistent with mass loading at lower altitudes. In sec-

tion 4 we will present a statistical analysis that further sup-

ports the results of sections 2 and 3, that the waves tend to

occur at the OETP ionopause and that a field-aligned current is

often observed near this ionopause. In section 5 we will study

the observed magnetic field rotation in more detail, showing

that the rotation can be explained as being due to field lines

that are convected to lower altitudes in the subsolar region,

where they are transported more slowly to the nightside than

at higher altitudes. We will further show that the field rotation

can be interpreted as a shear Alfv6n wave standing in the mag-

netosheath flow. Last, in section 6 we will summarize our

results. The OETP ionopause clearly orders the data, but it is

not yet obvious what is the ultimate source for the waves. The

next step appears to be determining the nature of the OETP

ionopause.

2. OETP Ionopause

One possible source of confusion concerning the nature of

the plasma waves observed on the dayside of Venus is due to

different definitions of the ionopause. Phillips et al. [1988]

show in their Figure 4 the altitude of the ionopause using dif-
ferent definitions. The four definitions discussed by Phillips et

al. [1988] are (1) the altitude at which the PVO Langmuir probe

(orbiter electron temperature probe, OETP) measures a density
of 100 cm -3 (the OETP ionopause); (2) the altitude at which

the retarding potential analyzer (ORPA) measures 100 cm -3

(the ORPA ledge); (3) the altitude where plasma thermal pres-

sure equals magnetic pressure (the pressure balance

ionopause); and (4) the altitude where the ORPA observes a
break in the density profile (the ORPA top). These different

"ionopauses" are usually encountered in the order given when

passing from high to low altitude. At low solar zenith angles
they are close together in altitude, but they can be hundreds of

kilometers apart at the terminator.

Crawford et al. [1993] noted that the wave bursts detected by

the orbiter electric field detector tended to occur at or near the

OETP ionopause. This can be seen clearly in Figure 1. In

Figure 1 we show the 100-Hz wave amplitude plotted using a
gray-scale representation as a function of altitude and local
time. The data are taken from the Unified Abstract Data System

(UADS) database for orbits 125-248, with Figure la showing

the inbound leg for each orbit and Figure lb showing the out-

bound leg. UADS was originally designed as an on-line data

system [Ferandin et al., 1980], using a common 12-s format
for all instrument data. Later, the on-line system was discon-

tinued, and UADS data were subsequently submitted by experi-

menters to the National Space Science Data Center, as

described in the appendix to Brace and Kliore [1991]. The cir-

cles in Figure 1 give the location of the OETP ionopause (L. H.

Brace, personal communication, 1993) for each orbit.

In the UADS database the wave amplitude is given as both a

peak and an average, and we have used the peak in Figure I.

The peak amplitude allows us to more clearly discern the asso-
ciation between the waves and the underlying plasma structure,

but some caution should be employed in interpreting the data.

In particular, both the peaks and averages are calculated using

a 24-s window with 12-s spacing. Thus there is a potential for

aliassing of the data, especially in point-by-point compar-
isons. However, statistical studies will be less prone to

aliassing, and Figure 1 shows that statistically the wave

amplitude tends to peak at or near the OETP ionopause. Thus

we will use altitude with respect to the OETP ionopause to

order the data, rather than altitude from the surface of the

planet. While subsequent analysis presented in this paper will

show that the OETP ionopause is a useful reference altitude for

ordering the data, this methodology is also supported by

Crawford [1993]. He showed that for a sample of some 30

orbits the OETP ionopause altitude ordered the plasma wave

data better than the/3 = I altitude, which tended to occur always

below the wave intensity peak altitude. Since the other

ionopause definitions discussed earlier usually occur below the

13 = 1 altitude, they will similarly be tess useful in ordering the

plasma wave data.

In the introduction we stated that the waves are observed

within the plasma mantle. Although we refer to the altitude at

which the Langmuir probe measures a density of 100 cm -3 as

the OETP ionopause, we consider this as occurring within the



STRANGEWAYANDRUSSELL:PLASMAWAVESANDCURRENTSATVENUS 17,315

o) UADS, Orbits 125-248. Inbound

100 Hz Peok Amplitude

2000 i = t , ' _-_ 10-2

= 1500 I_l 10-3 "_
v

I 11o, 

500 7 I I 10-5

18 15 1_2 g 6

LT (hours)

2000

1500

v

1000

500

o)

18 15

UADS, Orbits 125-248, Outbound

100 Hz Peok Amplitude

10-2

10-3 "_

1°- 4 --

I I 0-5

L__110-6

Figure 1. 100 Hz peak amplitude as a function of altitude and local time for orbits 125-248. The data are
shown for (a) inbound and (b) outbound portions of each orbit. The gray scale indicates the peak amplitude per

24-s interval, with 12-s spacing between samples. The circles indicate the altitude of the orbiter electron tem-

perature probe (OETP) ionopause.

plasma mantle. At higher altitudes the plasma is essentially

shocked solar wind plasma. At much lower altitudes the plasma

is ionospheric in origin. The OETP ionopause is therefore

probably within a region of mixed plasmas. Whether or not

the OETP ionopause corresponds to a sharp boundary, or is

simply a point on a more gradual transition, requires further

analysis.

Before discussing the magnetic field and plasma wave sig-

natures at the OETP ionopause in more detail, we note that the

other striking feature in Figure 1 is the relatively low level of

plasma wave noise at lower altitude. We will discuss this later.

However, our main conclusion concerning the low level of

wave noise is that this is mainly an instrument artifact associ-

ated with the changes in the plasma Debye length and is not

due to the absorption of waves as postulated by Scarf et al.

[1980a].

3. Flow-Aligned Coordinates

Besides using the OETP ionopause as a reference altitude, we

will also use a coordinate system for the magnetic field data

that is based on the assumed flow direction within the magne-

tosheath. This coordinate system, which is similar to radial-

east-north coordinates, is shown in Figure 2. In deriving the

coordinate system we have assumed that the magnetosheath

flow is symmetric about the Venus-Sun line and is mainly tan-

gential to the obstacle, which we further assume is spherical in

shape. Thus most of the flow is assumed to be along the direc-

tion labeled "flow," with very little or no radial component,

except at the subsolar point. The direction labeled "perp"

completes the triad and is perpendicular to both the radial and
assumed flow direction. The transformation from the Venus

solar orbital (VSO) coordinate system to the "radial-flow-
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Figure 2. Relationship between flow-aligned coordinates
and Venus solar orbital (VSO) coordinates.

perp" system can be obtained as follows: If the spacecraft

position is given by R in VSO, then the perpendicular direc-

tion _ = _xR/I_xRI, where '_ is the unit vector along the Xvso

axis. The flow direction is given by r=_xR/IRI. The radial

direction is of course given by _= R/IRI. The dot product of

any vector in VSO with the unit vectors _, r, and 1_ gives the

vector in the radial-flow-perp coordinates. A similar coordi-

nate system was employed by Law and Cloutier [1995] in their

study of the magnetic field structure.
The usefulness of this coordinate system can be seen in

Figure 3, where we present high-resolution plasma wave and

magnetic field data for the outbound portion of orbit 169. This

orbit was also shown by Crawford et al. [1993]. The top four

panels show the wave intensity for the four wave channels.

while the bottom four channels show the magnetic field

rotated into radial-flow-perp coordinates. The vertical line in

each panel indicates the location of the OETP ionopause.

Before discussing the magnetic field data, we will repeat

some of the points made by Crawford et al. [ 1993] concerning

the plasma wave data. First, the dominant change in intensity,

especially at 100 Hz, is the change in instrument background.

This is due to the change in plasma Debye length, which is

short (a few centimeters) within the ionosphere and long (a

few meters) within the magnetosheath. The antenna length is

0.76 m [Scarfet aL, 1980b], while the spacecraft is 2.54 m in

diameter. Hence the antenna is within the Debye sphere of the

spacecraft when the spacecraft is in the magnetosheath, and

the wave instrument is sensitive to noise caused by photo-

emission of electrons from the spacecraft and antenna ele-

ments. In the ionosphere the antenna is effectively shielded

from photoemission noise. Thus any analysis of the wave data

near the dayside ionopause should take into account the

change in background. In particular, the decrease in wave

intensity as the spacecraft enters the ionosphere cited by Scarf

et al. [1980a] is not evidence for whistler mode absorption in

the ionosphere but is simply the result of the change in

instrument background. However, in addition to the change in

background, Figure 3 shows a wave burst at all four channels at

the OETP ionopause. This burst does not display any of the

characteristics of the background noise and is probably due to

plasma waves generated at or near the OETP ionopause.

Turning now to the magnetic field data, Figure 3 shows that

the field is quite large near the OETP ionopause. The magnetic

barrier [Elphic et al., 1980] extends to altitudes well below the

OETP ionopause. Throughout this region the radial component

is small, and the field is mainly draped over the obstacle.

However, the field direction changes just below the OETP

ionopause. Above the OETP ionopause the field has large

components both parallel and perpendicular to the assumed

flow direction. Below the OETP ionopause the field rotates to a

direction parallel to the assumed magnetosheath flow.

Luhmann [1988] discussed the presence of a magnetic field

rotation within the mantle region. In her model the rotation of

the field was due to convection of the field to lower altitudes,

where the horizontal plasma flow was reduced. This velocity

shear causes the magnetic field to he more flow-aligned at

lower altitudes, resulting in the "weathervaning" of the field

described by Law and Cloutier [1995] in their analysis of mag-

netic field data from the dayside of Venus.

Since there is little or no change in magnetic field magni-

tude, the current in the magnetic shear layer is mainly field-

aligned. The magnetic field is mainly horizontal, and hence

the field-aligned currents are horizontal. At lower altitudes the

magnetic field is shielded from the ionosphere by perpendic-

ular currents, which also flow horizontally. We therefore

assume that there are only vertical gradients in the field, and

the variation of the horizontal components of magnetic field

as a function of altitude will be used to calculate the current

density.
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Figure 3. High resolution plasma wave and magnetic
field data from orbit 169 outbound. Fifteen minutes of data are

shown, with the top four panels showing wave intensity for

the four wave channels, using a logarithmic scale. The bottom

four panels show the magnetic field, cast into radial-flow-perp

components. The vertical line in Figure 3 marks the OETP

ionopause.
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Additionalexamplesof highresolutionwaveandfielddata
aregiveninFigures4, 5,and6.EachofFigures4,5,and6
showawaveburstnearthealtitudeoftheOETPionopause.In
alltheexamplestheburstisdetectedat100Hz,butsometimes
theburstextendstohigherfrequencies.Thisarguesagainsta
lowerhybridwavemodeandforanacousticmode[Tayloret

al., 1981; Strangeway and Crawford, 1993; Huba, 1993], since

the lower hybrid resonance frequency is typically only a few

tens of Hertz. Because lower hybrid waves are thought to be in

resonance with ions of planetary origin, there would be little

or no Doppler shift of the waves when observed in the space-

craft frame, which moves relatively slowly with respect to the

planet. The spacecraft speed is =10 km s-I, while the shocked

solar wind speed is =100 km s-t.

In each of the examples shown in Figures 3-6 the magnetic

field deflects to a more flow-aligned direction at lower altitude.

The tendency for the field to become more flow aligned below

the OETP ionopause will be a conclusion of the statistical

analysis presented in sections 4 and 5. However, it should be

noted that not every orbit displays this behavior. There are

orbits in which the field rotation is in the opposite sense,

becoming transverse to the assumed flow direction at lower

altitudes. This could be because the actual magnetosheath flow

is not as assumed or because the interplanetary magnetic field

changes direction. Clearly, these exceptions should be inves-

tigated, but we will defer such analysis to future studies.
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Figure 5. Wave and magnetic field data for the periapsis

portion of orbit 201. Similar in format to Figure 3. This orbit

was also discussed by Luhmann [1988].

4. Wave Occurrence Statistics

In Figure 7 we show UADS data from the first three dayside

periapsis seasons of the Pioneer Venus Orbiter (i.e., orbits
125-248, 345--475, and 570-700). In Figure 7 we have

restricted the data to solar zenith angles (SZA) < 30". The top

panel of Figure 7a shows the peak wave amplitude binned as a

function of altitude with respect to the OETP ionopause, using

25-km bins. For each channel the symbols indicate the median

peak amplitude per bin, with the shaded area indicating the

upper and lower quartile. Clearly, the largest signal is mea-
sured at 100 Hz, but both the 730-Hz and 5.4-kHz channels

also observe a wave burst at the OETP ionopause. However, as

noted earlier, the major signature associated with the OETP

ionopause appears to be a change in the instrument back-
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portion of orbit 171. Similar in format to Figure 3. This orbit
was also discussed by Law and Cloutier [1995].
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Figure 7. Wave and plasma variations as a function of altitude with respect to the OETP ionopause for
solar zenith angles (SZA) <30*. In Figure 7 and subsequently (Figures 8 and 9) we have used data from the

Unified Abstract Data System database for the first three seasons of dayside periapsis. The wave data are peak

amplitudes. The plasma data are from the Langmuir probe. In calculating the plasma beta we assume that the
ion temperature (Ti) = Te/1.8 for altitudes > 350 km, where T e is the electron temperature. The top panel of

Figure 7a shows the wave amplitude for the four wave channels, while the bottom panel shows magnetic field
strength, electron density, and plasma beta. The symbols show the median values per 25-km-altitude bin,

while the shaded regions mark the upper and lower quartiles per bin. In Figure 7b we show the angle the mag-

netic field makes with the presumed flow direction (@f) and the angle the field makes with respect to the verti-

cal (0br). Both angles have been folded into the range 00-90 *. The bottom panel of Figure 7b shows the

parallel and perpendicular current density, calculated assuming horizontal currents and neglecting the vertical

component of the magnetic field.

ground. For example, apart from the peak at the OETP

ionopause, we would conclude that the 100-Hz background

changed from =10 -5 V m -1 Hz -]/2 within the ionosphere to

=10 -3 V m -l Hz -1/2 within the magnetosheath. At the OETP

ionopause the peak wave amplitude is =10 -2 V m -l Hz -1/2.

The bottom panel of Figure 7a shows the ambient magnetic

field strength and plasma parameters. From the magnetic field

profile we deduce that the OETP ionopause is probably within

the magnetic barrier region; there is little change in field

strength across the OETP ionopause.

The plasma beta is deduced from the electron data, assuming

that the ion temperature is related to the electron temperature.

Miller et al. [1984] presented average profiles of the electron

and ion temperature for the dayside ionosphere of Venus, and

we have used a function attributable to J. L. Phillips to model

the temperature ratio. For altitudes >350 km the ratio is con-

stant, with the ion temperature (T i) = Te/1.8, where T e is the

electron temperature. The peak temperature ratio (Te/Ti) is =4

at 200 km altitude. For reference, the electron temperature

increases with increasing altitude, with Te = 0.1 eV at altitudes

=160 km, =0.3 eV at 250 km, and then gradually increasing up

to the OETP ionopause altitude, where T e as measured by the

Langmuir probe =1 eV. At lowest altitude the deduced ion tem-

perature T i =0.06 eV. Because of the enhanced Te/Ti ratio at

=200 km, T i does not begin to increase until =250 km altitude.

At 350 km altitude, T i = 0.2 eV, increasing to around 0.5 eV at

the OETP ionopause. It should be remembered, however, that

the ion temperature is deduced from the electron temperature

and does not take into account the presence of superthermal

ions often detected at or above the ionopause [Taylor et al.,

1981]. Beta is generally <1 at the OETP ionopause.

By definition the density at the OETP ionopause is 100

cm -3, and no electron data are included in the UADS data for

lower values, when the spacecraft is in sunlight. However,

electron data from higher altitudes may be included if the den-

sity is >100 cm -3. Thus the apparent ledge in the density pro-
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filecouldsimplybeaneffectofthedensitythresholdforthe
Langmuirprobe.

Figure7bshowsthemagneticfieldorientationandthecur-
rentdensitiesasafunctionofaltitudewiththerespecttothe
OETPionopause.FromthetoppanelofFigure7bweseethat
thefield is mainlyhorizontalat andabovetheOETP
ionopause.However,theorientationwithrespectto thepre-
sumedflowdirectionshowsnopreferredorientationasafunc-
tionofaltitudeforthisSZArange,withmedianvaluearound
45°andthelowerandupperquartilesat---25*and65°.Because
thetoppanelof Figure7bdoesnotshowhowthefield
changesdirectionalonganindividualorbit,weshowthecur-
rentdensityinthebottompanelofFigure7b.Asnotedearlier,
weassumeonlyverticalgradientsin thefield.Thefield-
alignedcurrentindicatesregionswherethefieldrotatesbut
doesnotchangemagnitude,whiletheperpendicularcurrents
indicatewherethefieldisshieldedfromthelowerionosphere.
InpresentingcurrentdensitiesinFigure7bwehaveexcluded
dataforwhichtheverticalseparationusedtocomputethecur-
rentdensityis lessthan20km.Thisisdonetoexcludedata
nearperiapsis,wherethespacecraftistravelingmainlyhori-
zontally,andtheassumptionthattheobservedgradientsare
verticalis probablynotvalid.At theselowaltitudes,fine-
scalestructuresknownasfluxropestendtooccur,further
invalidatingtheassumptionof verticalgradients.

FromFigures7aand7bwethereforeconcludethattheOETP
ionopauseordersthewavedata,withthelargest-amplitude
waveburstsoccurringattheOETPionopause.Furthermore,the
OETPionopausemarksa regionwherethemagneticfield
rotatesandfield-alignedcurrentsflow.Thecausalrelation-
ship,if any,betweenthewavesandthecurrentshasyettobe
determined,butatthisstagewewouldconcludethatthecur-
rentsflowinresponsetothemagneticfieldgeometryimposed
bythedifferentflowregimeswithinthemagnetosheathand
ionosphere.

ThepeakcurrentdensityinFigure7bis 1gAm-2.This
correspondsto a relativedriftvelocityof 60kms-I foran
electrondensityof 100cm-3,whichis thenominalplasma
densityattheOETPionopause.Thisvelocityismuchsmaller
thanthethermalvelocityof theshockedsolarwindprotons
(temperature-100eV)andtheambientelectrons,betheyhot
shockedsolarwind(=50eV)orcoldplanetary(=1eV)elec-
trons.In orderto driveaninstability,weexpectthedrift
velocityof thecurrent-carryingspeciestobelargerthanits
thermalvelocity.If thecurrentis tobethesourceofaninsta-
bility,thissuggeststhatcoldplanetaryelectronsarethecur-
rentcarriers,andtheseelectronsareasmallfractionof the
totaldensity.If, forexample,weassumethattheelectronsof
planetaryoriginareonly3%of thetotaldensity,thenthe
electrondrift velocity=1800kms-I, whichis muchlarger
thanthecoldelectronthermalspeed.Thiscurrentcouldgener-
ateanobliquelypropagatingacousticmodewithphasespeed
of theorderoftheshockedsolarwindsoundspeedbutwith
parallelphasevelocityoftheorderoftheelectrondriftveloc-
ity.However.suchaninstabilitywill besubjectto Landau
dampingbythesolarwindprotons,unlesstheprotonsare
coolerthanthesolarwindelectrons.Thisis usuallynot
thoughttobethecase,althoughShapiro et al. [1995] do pre-

sent an example of one orbit in which the electron temperature

is =100 eV. Clearly, determining whether or not the currents

are a source of the waves requires detailed knowledge of the

ambient ion and electron populations.

Figures 8 and 9 show plasma and field data for SZA in the

range 30 ° < SZA < 60 ° and 60 ° < SZA < 90 °, respectively. The

format of Figures 8 and 9 is similar to Figure 7, and again, cur-

rent density data obtained for vertical separations less than 20
km have been excluded. As the SZA increases, the vertical

scale of the plasma and field gradients also increases. Thus the

current densities tend to be smaller at higher SZA. At higher

SZA the change in orientation of the magnetic field becomes

more clear, with the lowest _bf occurring at the OETP

ionopause. Figures 8 and 9 therefore reinforce the conclusions

drawn from Figure 7.

5. Field Rotation at the OETP ionopause

While the altitude profiles of current density and magnetic

field orientation indicate that the magnetosheath magnetic

field rotates at or near the OETP ionopause, the data shown in

Figures 7, 8, and 9 do not indicate the sense of the rotation. In

Figure 10 we show the orientation and the rotation of the
magnetic field near the OETP ionopause. The magnetic field

orientation just below the OETP ionopause is shown in the top

panel of Figure 10. The data are binned in 10" _bf bins, with

the solid circles giving the median 0br angle and the error bars

marking the upper and lower quartile per bin. Noting that 0b r <
90 ° means that the field is pointing to higher altitude, Figure

10 shows that when the field is pointing away from the sub-

solar point (-90 ° < _bf < 90*) the field is also pointing to

higher altitude. The reverse is the case when the field points

toward the subsolar point.

The bottom panel of Figure 10 shows the median and quar-
tiles of the field rotation on passing through the OETP

ionopause from above. The angle _bf has been folded into the

range 0°-90 *, while the angle A_b f is defined as <0 if the net
orientation of the field is more flow-aligned at lower altitude.

Thus, for the majority of the data, the field rotates to a more

flow-aligned orientation at lower altitude.
The magnetic field orientation and rotation shown in Figure

10 can be explained in terms of velocity shear across the OETP

ionopause. Near the subsolar point the magnetosheath flow

tends to transport magnetic flux to lower altitude, where the

field is "hung up" on the obstacle, presumably because of the

presence of ionospheric plasma. A flux tube that has been

convected by the magnetosheath flow will be at lower altitude

near the subsolar point and at higher altitude away from the

subsolar point where the magnetosheath flow is more nearly

tangential to the obstacle. Because the flow at higher altitudes
is faster, while the subsolar portion of the flux tube moves

more slowly, the flux tube will tend to be aligned along the

flow as it is convected away from the subsolar region. This

"weathervaning," discussed by Law and Cloutier [1995] and

modeled by Luhmann [1988], is shown schematically in

Figure 11.

In Figure 11 the light gray surface marks a layer in which

field-aligned currents flow. The solid arrows show the magne-

tosheath flow above this layer. The dark gray curves are

magnetosheath flux tubes. When the flux tubes pass through

the current layer, indicated by becoming darker gray, they

encounter a region of reduced flow. As the flux tubes are trans-

ported away from the subsolar region, the shear in the flow
causes the bend in the field to become larger, and the flux tube

immediately below the current layer tends to be flow-aligned.

In passing, we note that a similar process has been invoked

for the formation of flux ropes [e.g., Luhmann and Cravens,

1991, and references therein], but flux rope formation occurs

at lower altitude. Flux ropes are observed deep within the

ionosphere below the magnetic barrier.
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Figure g. Wave and plasma variations as a function of altitude with respect to the OETP ionopause for 30"

< SZA < 60 °. Similar in format to Figure 7.

We can explain the field-aligned current layer as a shear

Alfv6n wave standing in the magnetosheath flow. This is in

many ways analogous to the slow-mode standing wave

observed in the terrestrial magnetosheath, as reported by Song

et al. [1992], and discussed theoretically by Southwood and

Kivelson [1992]. For a shear Alfv6n wave the flow pertur-

bation (u) is related to the magnetic field perturbation (b) by

u _ b cos 0
-- Bo Icos 01

where B o is the ambient magnetic field, Va is the Alfv6n speed

= Bo/(12oPo) 1/2, t2o is the permeability of free space, Po is the

mass density, and 0 is the angle between the wave vector (k)

and B o. Since the wave is standing in the magnetosheath flow,

k points upward, and 0---0hr. From Figure 10, if B o points

away from the subsolar point, then B o also has an upward

component. Thus k.B o > 0, and u is antiparallel to b. We

illustrate the geometry of this situation in the two left-hand

panels of Figure 12 for two orthogonal planes: the plane

defined by the radial direction and the flow vector (top) and the

horizontal plane (bottom). Since the horizontal component of

the flow velocity (v) is also away from the subsolar point,

v.B o > 0. The direction of u is such that the horizontal flow

velocity is reduced below the field-aligned current layer.

Taking primed ,vectors as being below the current layer,, then
v =v+u, B 0=B o+b, and to first order v.B o =

v.B o- (u.v)(k.Bo)/(og/./oPo). Since u.v < 0, v'.B o > v.B o, and

the field is more flow-aligned below the current layer. We note

that the closer alignment occurs with a change in both the

field and the flow. When the magnetic field points toward the

subsolar point, k.B o < 0 and v.B o < v.B o, but v.B o < 0, as

illustrated in the two panels on the right-hand side of Figure

12. Again, the field is more flow-aligned below the current

layer, and again, both field and flow rotate to accomplish this

alignment.

Figure I0 shows that the median rotation of the field is

=I0", and hence b/B o = 0.18. From Figure 7, B0 -- 100 nT at

the OETP ionopause, while the plasma density is =100 cm -3.

If protons are the dominant ion, then Va = 220 km s -I. Thus u

= 40 km s -l, which should be compared with a nominal

sheath flow speed of 100 km s-l, and the flow velocity can be

significantly reduced across the current layer. Increasing the

amount of O + present reduces Va and hence u. However, an

increase in O ÷ density would suggest that some slowing of the

magnetosheath flow will have already occurred, and the flow

velocity above the shear layer could be lower than 100 km s -l.

Nevertheless, even if the flow is reduced because of mass load-

ing at higher altitudes, our discussion here indicates that there

is a marked reduction in flow below the OETP ionopause, pre-

sumably because of higher planetary ion densities.

6. Conclusions

Through analysis of data from individual orbits and also

from statistical studies we find that the plasma wave data are

well ordered by altitude with respect to the OETP ionopause,
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Figure 10. Magnetic field orientation and rotation at the

OETP ionopause. The solid circles indicate the median, while

the error bars mark the upper and lower quartile.

which is the altitude at which the Langmuir probe on PVO

measures an electron density of 100 cm -3. Of the various defi-

nitions of the ionopause the OETP ionopause is usually at

highest altitude. The dominant signal in the wave data is a

change in the background noise of the instrument, which we

attribute to changes in the plasma Debye length. At low alti-

tudes, within the ionosphere, the wave instrument is shielded

from noise due to photoelectron emission from the spacecraft.

At higher altitudes, in the magnetosheath, the antenna is

within the Debye sphere of the spacecraft and is probably

more sensitive to photoelectron emission noise and other

sources of noise on the spacecraft. Inspection of the high-

resolution plasma wave data does suggest that the wave burst

often observed near the OETP ionopause is due to naturally

occurring waves, since the data are qualitatively different.

However, some caution may be warranted since the Debye

length is =0.74 m when n e = 100 cm -3 and T e = 1 eV, this

density and temperature being appropriate for the plasma at

the OETP ionopause. Since the antenna separation is 0.76 m, a

resonance between the antenna and the Debye sheath is

possible.

Figure 9. Wave and plasma variations as a function of
altitude with respect to the OETP ionopause for 60 ° < SZA <

90 ° . Similar in format to Figure 7.
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Figure 11. Schematic of the magnetic field geometry in

the mantle and upper ionosphere.

The statistical studies show that field-aligned currents flow

at or perhaps slightly below the OETP ionopause. These field-

aligned currents occur above the topside density gradient and

well above the perpendicular currents which mark the bottom

of the magnetic barrier. On comparison with the data presented

by Spenner et al. [19801, this places the OETP ionopause and

the field-aligned currents in the mantle.

The field rotation associated with the field-aligned currents

tends to align the field more closely with the magnetosheath

flow. tt appears that the flow alignment occurs because of a

shear in the magnetosheath flow [see Luhmann, 1988; Law and

Cloutier, 1995] which is probably due to mass loading by

ionospheric plasma at lower altitudes. The magnetic field

geometry is hence dictated by the field and flow boundary con-

ditions imposed within the magnetosheath and the iono-

sphere, and the field-aligned currents occur in response to this

imposed geometry. We have suggested that the field-aligned

current layer is a shear Alfv6n wave standing in the magneto-

sheath flow. The plasma waves observed at the OETP

ionopause may be a consequence of the field-aligned currents

but are certainly not a cause.

Recently, Sauer et al. [1994] argued that a composition

boundary should be present above the ionopause of Venus and

Mars. Perhaps the OETP ionopause is this boundary. However,

the two-dimensional simulations of Sauer et al. [1994] cannot

explain the field rotation we have discussed here. This rotation

in the field should only be present in three-dimensional simu-

lations. We also note that the composition boundary discussed

by Sauer et al. [1994], and observed at Mars by Dubinin and

Lundin [1995], is associated with a decrease in the ambient

magnetic field strength. At Venus the magnetic field strength

tends to decrease at altitudes below the location of the field-

aligned currents. The field rotation discussed here strongly

suggests that the magnetosheath magnetic field passes into a

region dominated by plasma of planetary origin (i.e., below

the composition boundary), as the increased mass density
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B o

b) B toward subsolar point

radial

k

v

-_ horizontal- II

horizontal - Z horizontal - ±

iorizontal- II horizontal- II

V

Figure 12. The relationship between the magnetic field perturbation and velocity perturbation for a shear
Alfvdn wave standing in the magnetosheath flow. Figure 12 shows (a) magnetic field pointing away from the

subsolar point, and (b) magnetic field pointing toward the subsolar point. The unprimed vectors are above the

current layer, while the primed vectors are below. For each case the upper plot shows the projection in the

radial-flow plane, with the lower plot showing the projection in the horizontal plane.
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would result in a velocity shear across the composition

boundary.

An additional complication in determining the relationship

between the various signatures observed in the mantle is the

"intermediate transition" (IT) [Pgrez-de-Tejada et al., 1991,

1993, 1995]. The IT is usually observed above the ionopause

near or behind the terminator and is often associated with both

a reduction of the magnetic field strength and a rotation of the

field to a more Venus-Sun-aligned orientation. Sauer et al.

[1994] suggested that the IT is an example of the composition

boundary found in their simulations. We suggest here that the

transition within the field and plasma observed on the dayside

evolves downstream, ultimately becoming the IT. Whether the

OETP ionopause, which may be a plasma boundary, or the

field-aligned current, which may mark a shear in the flow,

evolves into the IT has yet to be determined.

Indeed, the relationship between the OETP ionopause and

the field-aligned current is unclear. Both occur within the

mantle. The mantle provides the transition from magneto-

sheath to ionosphere which requires a change in magnetic field

orientation, marked by the field-aligned current, and a change

in plasma density and composition, perhaps corresponding to

the OETP ionopause. Near the subsolar point we might expect

these two transitions to be close together, since a change in

the plasma mass density could introduce the velocity shear

that results in the Alfvdn wave. However, further downstream

these two signatures could separate, since the shear is carried

by a standing Alfvdn wave, while a mass density change could

be carried by a slow-mode wave.

In conclusion, while the OETP ionopause clearly orders the

magnetic field and plasma wave data, the relationship between

each of these is not yet obvious. It is possible that the plasma

waves are generated by the field-aligned currents which we

attribute to a standing Alfvdn wave associated with the shear

in the plasma flow. On the other hand, if the OETP ionopause

is a composition boundary, then we might expect pickup ion

related instabilities to be present, be they lower hybrid [SzegO

et al., 1991; Shapiro et al., 1995] or ion acoustic [Huba,

1993]. Alternatively, if the OETP ionopause corresponds to a

density gradient, then perhaps gradient-drift instabilities gen-

erate the waves [cf. Huba, 1992]. Thus it is necessary to deter-

mine the nature of the OETP ionopause, which is an

instrument-defined boundary, as being the altitude at which the

Langmuir probe measures a density of 100 cm -3.

Unfortunately, most of the plasma instrumentation on board

the Pioneer Venus Orbiter was designed to operate optimally

in a dense cold plasma, the ionosphere, or in a supersonic

beam, the solar wind, but not in both. The possible exception

is the orbiter retarding potential analyzer (ORPA). Regardless

of the ultimate source of the waves, our analysis confirms that

the waves occur within the plasma mantle and are hence not a

direct source of heating for the topside ionosphere.
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Collisional Joule dissipation in the ionosphere of Venus:

The importance of electron heat conduction

• R. J. Strangeway

Institute of Geophysics and Planetary Physics,University of California, Los Angeles

Abstract. The ionosphere of an unmagnetized planet, such as Venus, is characterized by rel-

atively high Pedersen conductivity in comparison to the terrestrial ionosphere because of the weak

magnetic field. Collisional Joule dissipation of plasma waves might therefore be an important

source of heat within the Venus ionosphere. However, any assessment of the importance of colli-

sional Joule dissipation must take into account the cooling provided by electron heat conduction

due to temperature gradients. Once heat conduction is included we find that collisional Joule dissi-

pation is significant only in the bottomside ionosphere; waves observed at or near the dayside

ionopause, or at higher altitudes (> 150 km) within the nightside ionosphere do not cause signifi-

cant heating through collisional Joule dissipation. However, lightning-generated whistler mode

waves propagate through the highly collisional bottomside ionosphere, and we have performed

detailed wave propagation calculations where we serf-consistently calculate the heating due to

Joule dissipation and the cooling due to heat conduction. The heat conduction always exceeds the

collisional cooling from elastic collisions. Because the high collision frequency at low-altitude

results in a low thermal conductivity, a steep temperature gradient is required to provide the heat

flux. However, this gradient thermally decouples the bottomside ionosphere from higher altitudes.

Collisional Joule dissipation of lightning generated whistlers is not likely to have any conse-

quences for the global ionospheric energy budget. Cooling by inelastic collisions, specifically the

vibrational excitation of CO2, further reduces the bottomside temperature. It is the inelastic cool-

ing rate that determines the atmospheric heating rate, any excess heat again being carried away

through heat conduction. We find that for typical wave field amplitudes of 10 mV/m the bottom-

side is heated to a few eV, while intense fields (100 mV/m) result in bottomside temperatures of a

few tens of eV. This high a temperature may cause electronic excitation of the neutrals, which

could result in optical or ultraviolet emissions from the ionosphere due to lightning. This possi-

bility requires further investigation but requires the incorporation of additional inelastic cooling

processes, such as electronic excitation of the neutral atmosphere.

1. Introduction

Recently, Cole and Hoegy [1995] suggested that collisional

Joule dissipation of VLF waves is a significant source of heat-

ing within the ionosphere of Venus. Depending on the amount

of collisional Joule dissipation, this could have important

ramifications for the Venus ionosphere. For sufficiently high

Joule dissipation the heating due to VLF waves would have to

be included in the energy budget of the ionosphere. Even more

significantly, if the heating rate is large enough to cause

unrealistically high electron temperatures, then some of the

earlier interpretations of the plasma waves observed at Venus

may have to be revised, especially the identification of VLF

bursts in the nightside ionosphere as being due to lightning-

generated plasma waves.

There are two basic VLF wave phenomena observed within

or near the Venus ionosphere for which collisional Joule dis-

sipation may be important. The first of these is observed at

the dayside ionopause, mainly in the 100-Hz channel of the

Pioneer Venus Orbiter electric field detector (OEFD). The OEFD

measures plasma waves at four frequencies, 100 Hz, 730 Hz,

Copyright 1996 by the American Geophysical Union.

Paper number 95JA02587.
0148-0227/96/95JA-02587505.00

5.4 kHz, and 30 kHz [Scarfet al., 1980c]. The 100-Hz waves

observed at the dayside ionopause were initially identified as

whistler mode waves generated at the bow shock, propagating

through the magnetosheath to the ionopause [e.g., Scarf et al.,

1980b], and it was argued that the waves were transporting

energy, providing heat to the dayside ionopause though

Landau damping.

More recently, Szego et al. [1991] suggested that the waves

were lower hybrid resonance waves generated by the relative

drift between O + ions of planetary origin and the shocked solar

wind. As the waves are generated locally, Landau damping will

act to inhibit wave growth, rather than provide a means for

energy transport. Strangeway and Crawford [1993] pointed out

that Szego et al. [1991] neglected Landau damping, and the

damping of lower hybrid waves argues for an alternative wave

mode and instability. Huba [1993] suggested that the waves

were instead an ion acoustic mode. Thus the mode identifi-

cation of the waves observed at the dayside ionopause has not

been resolved. Nevertheless, we should determine if colli-

sional Joule dissipation is important for these waves, as that

may provide an alternative means for transferring wave energy

to the plasma, in addition to the dissipation associated with

resonant wave-particle interactions.

In the opening paragraph we already alluded to the second

wave phenomenon which may be subject to collisional Joule

dissipation: the observation of VLF bursts at low altitudes in

2279
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the nightside ionosphere. These waves have been attributed to

lightning in the Venus atmosphere [e.g., Scarf et al., 1980a"

Scarf and Russell, 1983; Russell. 1991]. If these waves are

indeed due to lightning, then they must propagate through the

most dense, and most highly collisional, region of the iono-

sphere. It is consequently very important that we determine

how large the Joule dissipation for these waves may be. In par-

ticular, is the heating rate so large that the ionosphere cannot

adequately absorb the energy? In which case, we might expect

there to be detectable changes in the ionosphere due to light-

ning. We note that there have been no reports of lightning-

related signatures within the ionosphere of Venus, apart from

the VLF bursts. Small-scale irregularities were reported by

Grebowsky et al. [1991], who interpreted the irregularities as

being due to a local instability. This instability was identified

as a lower hybrid drift instability [Huba, 1992; Huba and

Grebowsky, 1993]. Although initially suggested as an alter-

native to the lightning interpretation, the lower hybrid drift

instability does not explain the majority of the VLF bursts

[Strangeway, 1995a, b]. If we find that collisional Joule dissi-

pation is significant for the nightside bursts, then perhaps we
should revisit the issue of correlation between wave bursts and

density fluctuations, as this may explain the 20% correlation

between waves and density fluctuations found by Strangeway

[1995b].

Within the nightside ionosphere two types of wave burst

have been attributed to lightning. The first of these occurs at

100 Hz [Scarf et al., 1980a], the second is broad-banded in

nature [Singh and Russell, 1986], being detected in the higher-

frequency channels of the OEFD. Later work [Russell et aL,

1988, 1989a], which did not contain telemetry errors appar-

ently included in the analysis of Singh and Russell [Taylor and

Cloutier, 1988; Russell and Singh, 1989] showed that the

wideband bursts peaked at low altitudes and that the burst rate

was maximum near the dusk terminator. It was consequently

argued that lightning at Venus was generated mainly in the

dusk local time sector [Russell, 1991]. We will not address the

Joule dissipation of these wideband signals in this paper,

mainly because the source of these high-frequency signals is

not understood. They are observed in the propagation stop

band between the electron gyrofrequency and the plasma fre-

quency and so cannot be radiation from below the ionosphere

[Strangeway, 1991a].
On the other hand, there is evidence that the 100-Hz bursts

are propagating though the ionosphere from below. The wave

burst rates are largest at low altitudes [Russell et al., 1988; Ho

et al., 1991]. The waves are polarized perpendicularly to the

ambient magnetic field, provided the data are restricted to sig-

nals that are within the whistler mode resonance cone under

the assumption of vertical propagation [Sonwalkar et al.,

1991, Strangeway, 1991b]. Furthermore, the burst rate

decreases much less rapidly for increasing altitude if the data

are restricted to within the resonance cone [Ho et al, 1992].

The resonance cone test, which only applies to waves that are

propagating from below the ionosphere, is a strong indicator

of a subionospheric source such as atmospheric lightning for

the 100-Hz waves. Waves that propagate through the iono-

sphere are likely to be subject to collisional Joule dissipation.

It is the purpose of this paper to determine whether or not

collisional Joule dissipation is important for plasma waves

observed within the Venus ionosphere. In the next section we

discuss the ionospheric heat budget, giving expressions for

the different terms within the heat budget and the associated

collision frequencies. In section 3 we compare orders of mag-

nitude for the heating and cooling terms. We find that electron

heat conduction can easily accommodate the heating due to

collisional Joule dissipation, except at very low altitudes

within the ionosphere. Thus waves observed near the dayside

ionopause of Venus or at higher altitudes (> 150 km) in the

nightside ionosphere do not supply any significant heating

through collisional Joule dissipation. This finding does not

preclude additional dissipation due to resonant wave-particle

interactions, but a detailed estimation of this form of dissi-

pation is beyond the scope of the present paper. In section 4

we perform detailed wave propagation calculations, following

the methodology of Huba and Rowland [1993] but with the

added step of iteratively modifying the electron temperature

altitude profile so as to balance the heat budget. In section 4

we artificially set the inelastic cooling rate through vibra-

tional excitation of CO 2 equal to zero. This facilitates the

demonstration of how the electron temperature profile changes

to accommodate the heating by Joule dissipation through heat

conduction to higher altitudes. In section 5 we allow vibra-

tional cooling to occur, and we find that this further reduces

the electron heating. In addition, we point out that it is the

inelastic collision cooling rate that determines how much heat

enters the neutral atmosphere, not the Joule dissipation rate.

Any excess heat is carried away through heat conduction. Last,

we give some concluding remarks in section 6.

2. Heat Budget

The equations given below governing collisions and trans-

port are as given in the work by Huba, [1994, pp. 31-39]. A

more detailed discussion on collision frequencies and the elec-

tron heat budget can be found for example in the work of

Banks and Kockarts [1973, chaps. 9 and 22], albeit with

slightly different numerical constants. Under the assumption
of steady state and no relative flow between species the elec-

tron heat budget is given by

VIl'qll + Qj + Qm + Qv = 0 (1)

In (1) we chose the convention that a positive value for each

of the terms corresponds to electron cooling. The heat flux qll

is parallel to the ambient magnetic field (unless otherwise

stated, the subscripts "_1_" and "11" indicate direction with

respect to the ambient magnetic field). We assume that the

electrons are isotropic, and qll is the collisional heat flux asso-

ciated with a temperature gradient. The quantity -Qj is the heat-

ing due to Joule dissipation. Qm is the cooling rate due to

elastic collisions between electrons and ions and/or neutral

particles, indicated by the subscript "m" as the cooling rate is

determined by momentum transfer. As we shall see later, this

is a relatively inefficient cooling process. Qv is the cooling

rate due to inelastic collisions. We shall also show later that

the dominant inelastic cooling process at low altitudes is the

vibrational excitation of CO 2, hence we denote inelastic cool-

ing by the subscript "v."

The temperature gradient heat flux is given by [Huba, 1994]

q, = - KI+VIIkBTe = - 3.2 _VllkBT _ (2)

In (2), KII is the parallel heat conductivity, kB is the

Boltzmann constant, Te is the electron temperature, n e is the

electron density, m e is the electron mass, and v e is the total

electron collision frequency.
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Aswritten,(1)and(2)donotincludeanyheatflux across

the ambient magnetic field. At high altitudes, where the elec-

tron collision frequencies are low, this is justified since the

parallel heat conductivity is much larger than the perpendicu-

lar heat conductivity. At low altitudes, where the collision fre-

quencies are much higher, the better assumption is that only

vertical gradients are present within the ionosphere. However,

when the collision frequency is large with respect to the

gyrofrequency, the thermal conductivity is independent of the

orientation of the magnetic field, with magnitude given by K,

in (2). For high collision frequencies with respect to the elec-

tron gyrofrequency, we need no longer consider only the paral-

lel temperature gradient, and we can replace VII by V in (1) and

(2).

In a cold plasma the collisional Joule dissipation rate due to
a wave electric field which is perpendicular to the ambient

magnetic field is given by [Cole and Hoegy, 1995]

nee2E2 Ve (3)

Oj.L = - 2me(v 2 + _)

assuming that the wave frequency (co) a: f)-e or v e . In (3), E.L is

the perpendicular wave electric field amplitude, e is the

electron charge, and f2 e is the electron gyrofrequency (f2 e =

eBolm e, where B0 is the ambient magnetic field strength). The

Joule dissipation as given by (3) is the same as the Joule dis-

sipation rate using the Pedersen conductivity, except for the

factor of two which arises from the averaging over a wave

cycle of the sinusoidally varying electric field. The Joule dis-

sipation rate is smaller for increasing magnetic field strength,

and is maximum when v e = f2 e. Thus, as pointed out by Cole

and Hoegy [1995], we might expect the Joule dissipation to be

larger in the weakly magnetized Venusian ionosphere than in

the highly magnetized terrestrial ionosphere.

The collisional Joule dissipation associated with a wave

field that is parallel to the ambient magnetic field is similar to

(3), except that the electron gyrofrequency is replaced by the

wave frequency:

nee2E2 ve (4)
Ojll= 2me(v2 + 092)

In the introduction we noted that there is still some uncer-

tainty in the wave mode identification for the waves observed

near the dayside ionopause. Three wave modes have been con-

sidered: whistler mode; lower hybrid mode; and ion acoustic

mode. Of these three, the first two are perpendicularly polar-

ized, while the last is polarized along the magnetosheath flow

velocity (i.e., independent of the ambient field direction).

Given the uncertainties in mode identification we will use (3)

to assess the relative importance of collisional Joule dissipa-

tion on the dayside.

In assessing the effect of collisional Joule dissipation we

will neglect any kinetic effects such as resonant wave-particle

interactions. Clearly, such processes are important in a warm

plasma, where wave phase speeds are comparable to electron

thermal speeds. For whistler mode waves, kinetic effects are

important for fie = 1. where fe is the ratio of thermal to mag-

netic pressure = 2btonekBTe/Bo 2 (_0 is the permeability of free

space). We will use the condition fe = 1 as an indicator of

parameter regimes for which kinetic effects may have to be

included.

On the nightside, the mode identification is much more
clear cut. If the 100-Hz waves observed at low altitudes are due

to atmospheric lightning, they must be whistler mode waves.

Moreover, the data indicate that the waves are perpendicularly

polarized with respect to the ambient magnetic field

[Strangeway, 1991b]. Thus (3) is also appropriate for the

nightside. With regard to kinetic effects, Strangeway et al.

[1993a] and Strangeway [1995a, b] have shown that the low-

altitude 100-Hz wave bursts tend to occur in regions of low fie.

At the lowest altitudes we therefore expect collisional pro-

cesses to be more important for wave dissipation than reso-

nant wave-particle interactions.

The cooling rate due to elastic collisions is given by

3menekn(Te - Ts)ves
Qm = E (5)

species ms

In (5) the sum is over both ions and neutrals, Ts is the species

temperature, and m s is the species mass.

The cooling rate due to vibrational excitation of CO 2 is

derived in the appendix. At high temperatures (> 0.3 eV) the
vibrational cooling rate, in W/m 3, is given by

Qv = 5.18><10-22neNco2Te 1/2 (6)

where Nc02 is the neutral CO 2 density, in cm -3, n e is

expressed in cm -3, and T e is in eV.

The various terms in (1) depend on the electron-ion and

electron-neutral collision frequencies. For electron-ion

collisions

Ve i = 2.gxl0_Sne_T_'e 3/2 (7)

where 9_ is the Coulomb logarithm (= 20), densities are in

cm -3, and temperatures are again in eV. For electron-neutral

collisions

ven = 4.19x107NnOrTe It2 (8)

where N n is the neutral density in cm -3 and cr is the collision

cross section in cm 2.
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Figure 1. Electron collision frequencies as a function of
electron temperature. The electron-ion collision frequency

(solid line) is plotted for electron densities of 103 and 105 cm-

3 while the electron-neutral collision frequency (dashed line)

i_ plotted for neutral oxygen densities of 106 and l09 cm -3,

and neutral CO 2 density of 1011 cm -3. Ionospheric electron

temperatures typically lie in the range 0.1 to 1 eV [Theis et

al., 1980].
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Thedominantneutralsin the nightside ionosphere of Venus

are O and CO 2. We will assume the cross section for O is

2x10 -15 cm 2, giving a collision frequency of = g.4xl0 -s

NoTe 112, similar to the value given by Banks and Kockarts

[1973, chap. 9], where N o is the atomic oxygen density. For

CO2 we use the results of Morrison and Greene [1978], as dis-

cussed in the appendix. At higher temperatures (> 0.3 eV) the

cross section has an asymptotic value of = 1.55x10 -15 cm 2.

The electron-ion and electron-neutral collision frequencies

are plotted as a function of electron temperature in Figure 1.

The solid lines give the electron-ion collision frequency for
electron number densities of 103 and 105 cm -3. The dashed

lines give the electron-neutral collision frequency for neutral
densities of 106 and 109 cm -3 for O and 1011 cm -3 for CO 2.

The low electron and O density curves axe representative of the

high-altitude ionosphere and ionopause, while the high elec-

tron density represents the low-altitude ionosphere. The CO 2

curve is representative of the bottomside of the ionosphere (=

130 km), while the No = 109 curve is representative of the

middle (= 150 kin) altitude ionosphere (see, e.g., Theis et al.

[1980] and Hedin et al. [1983] for altitude profiles of the elec-

tron and neutral densities respectively). Electron temperatures

usually lie in the range 0.1 to 1 eV [Theis et al., 1980],

although we have extended the temperature range beyond these

limits in the figure. Figure 1 shows that at high altitudes,

electron-ion collisions will dominate. At lower altitudes,

where the electron temperature is lower, electron-ion colli-

sions will still tend to dominate, because of the steep temper-

ature dependence of the electron-ion collision frequency. Only

at the very lowest altitudes, i.e., the bottomside ionosphere,

do we expect electron-neutral collisions to be important. A

similar result was found by Luhmann et al. [1984], although

they used a slightly lower electron-neutral collision frequency.

Figure 1 and (8) also show that for sufficiently high neutral

densities and electron temperatures, the electron-neutral colli-

sion frequency can be large, > 104 s-1. Within the ionosphere,

magnetic field strengths of 30 nT are well above the average,

but this only corresponds to _e = 5x103 rad/s. Thus it is pos-

sible that Ven > _"_e, in which case (3) shows that the Joule dis-

sipation is reduced, and increasing the electron temperature
will further reduce the Joule dissipation.

3. Joule Dissipation: Order of Magnitude
Estimates

The discussion in the previous section indicates that there are

two limits which we can apply to the Venus ionosphere. The

first is when electron-ion collisions dominate, while the sec-

ond is when electron-neutral collisions dominate. As noted

earlier, the former is more appropriate for high altitudes, while

the latter is more appropriate for the bottomside ionosphere.
When electron-ion collisions dominate, we can rewrite the

heating and cooling rates, expressed in W/m 3, as

0.031 T 7/2 (9)
Virqu - L2_.

1.3x10 -12 ne222_2
i 2 3/2 2 2Q" BoT _ (1 + vci/£2_)

(10)

(11)

In (9), L is the scale length for heat conduction, as discussed

below, given in kilometers. In (10), E is the wave electric field

in volts per meter; Bo is the ambient magnetic field strength

in nan0teslas, and we have assumed that the wave is polarized

perpendicularly to the ambient magnetic field. The term in

parentheses in (10) -- 1 when Vei '_ _"_e, as is usually the case

when electron-ion collisions dominate. In (l 1), m i and mp are

the ion and proton masses respectively, and we have assumed

that Te :_ Ti. In all these equations Te is in eV, densities are in

cm -3, and _. is again the Coulomb logarithm.

In specifying a scaling law for the heat conduction, from

(2), Vil'ql I _ - VII(KIIVIITe) = - (VIIKIIVIITc + KIIV_ITc). When

electron-ion collisions dominate, gll _ Te 5/2 and is indepen-

dent of n e. Hence the first term in parenthese will always be

positive, and we therefore require V_T c < 0 for Vlrqu > 0. This

condition is not satisfied for a temperature dependence such as

Te *-exp(-x/L), but it is for Tc o_ exp(_x21L 2) when x -- 0. In

deriving a scaling law we therefore assume that the temperature

profile is such that Vll'ql I > 0, as required for the electron

energy budget, and simply take - VII(KItVIITc) = KIITJL 2 , where

L is a heat conduction scale length.

When electron-neutral collisions dominate,

1.1 ne T3/2 (9")
Virql I = Nn(a/ao)L 2

1.7><105 neE 2

Qi = N.(akro)T_C2 (l +O_/v2,.)
(to')

Qm = 2"2><10-23 neNn( cr/¢y°)T3el2 ( 11 ")
(mn/mp)

The symbols have the same meaning as in (9) to (11), and

have the same units. In (9"), cr is the electron-neutral colli-

sional cross section, and fro is the cross section for oxygen =

2x10 -15 cm 2. When electron-neutral collisions dominate, the

thermal conductivity tends to increase with altitude, and a neg-

ative temperature gradient will generally ensure that Vll'ql I > 0.

In (10") the term in parentheses = 1 when Yen :_" _e" In (11")

m n is the neutral mass, and we have assumed T e > T n.

Turning first to the dayside ionopause, Figure 2 shows the

various heating and cooling rates as a function of electron

density (Figure 2a) and electron temperature (Figure 2b). We

assume that the heat conduction scale (L) is 1000 kin, the

ambient magnetic field strength (B0) is 50 nT, and the wave

electric field amplitude (E) is 10 mV/m. Also, as noted above,

we assume that electron-ion collisions dominate, i.e., we are

using (9) to (11), and the ions are O + [e.g., Brace and Kliore,

1991]. We choose a scale length of 1000 km since the ambi-

ent magnetic field is draped over the ionopause, and the impor-

tant scales are horizontal. These scales will be much longer

than vertical scales, and I000 km is a reasonable order of

magnitude estimate. Above the dayside ionopause, wave spec-

tral amplitudes can be as large as 10 -3 V m -I Hz -1/2

[Strangeway, 1991a]. We convert the spectral amplitude to a

wave electric field amplitude by assuming that the spectral

bandwidth is of order the wave frequency. Thus, at 100 Hz a

spectral amplitude of 10 -3 V m -1 Hz -1/2 corresponds roughly

to an electric field amplitude of 10 mV/m.

In Figure 2a we assume that T e = 1 eV, which is large for the

ionosphere but is appropriate for the transitional region where

the waves are observed. It is clear that for fixed temperature the

Joule dissipation is always greater than the elastic collisional

cooling. This is because both have the same dependence on

the electron-ion collision frequency, and hence on electron
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Figure 2. Electron heating and cooling rate estimates for

the dayside ionopause. Since electron-ion collisions domi-
nate, the rates are given by (9) to (11). The rates are shown (a)
as a function of density for T e = 1 eV and (b) as a function of

temperature for n e = 1000 cm -3. It is also assumed that L =

1000 kin, B0 = 50 nT, E = 10 mV/m, and the ions are O ÷. As an
indication of the relative importance of the heating and cool-

ing rates, we include the energy density (neTe). The dot on this

line marks fie = 1, where we expect kinetic effects to be

important.

density. More importantly, the electron heat conduction

exceeds the Joule dissipation by a sufficiently large factor that

we can increase the conduction scale length to 3000 km and

still match the Joule dissipation, even for the highest densi-

ties shown. For densities of 1000 cm -3 the conduction scale

could be as large as 30,000 km, about 5 Venus radii.

We also show the energy density of the electrons, neTe, to

indicate how important the different heating and cooling terms

are, since neT e divided by the cooling or heating rate gives the

approximate cooling/heating time constant. It is clear that

except at the higher densities the Joule dissipation is rela-

tively weak, with a time constant of more than 100 s. On the

neT e curve we mark where fie = 1, indicated by the dot. Thus at

the higher densities we might expect kinetic effects to be more

important, possibly enhancing the dissipation rate. However,
heat conduction still plays a significant role in the electron

heat budget.

Figure 2b shows how the rates depend on electron temper-

ature. For Figure 2b we assume that n e = 1000 cm -3. For very

low temperatures the Joule dissipation can exceed the heat

conduction. However, (9) shows that the heat conduction has a

strong dependence on temperature, while (10) shows that the

Joule dissipation decreases with increasing temperature. Thus

even though the Joule dissipation may initially exceed the

heat conduction, a small increase in temperature is sufficient

to match Joule dissipation by beat conduction. Figures 2a and

2b demonstrate that Joule dissipation through electron-ion

collisions is not an important source of heating for the day-

side ionopause.

At higher altitudes within the nightside ionosphere

electron-ion collisions will usually dominate, except for the

lower plasma densities. The heating and cooling rates for this

case are shown in Figure 3a. For Figure 3a we assume that L =

10 kin, B0 = 30 nT, T e = 0.1 eV, and E = l mV/m. These param-

eters have been chosen to correspond to an ionospheric hole

[Brace and K/lore, 1991]. We have assumed that the ambient

ions are O2 +, which is usually the case at altitudes < 150 krn

[Grebowsky et al., 1993], while we also assume that the neu-

trals are atomic oxygen with a density of 4x108 cm -3. Since

the magnetic field within a hole is generally radial, it is

appropriate to consider vertical scales, and we choose a scale

of 10 kin. Also, since the waves tend to be somewhat weaker

in amplitude, we assume a wave electric field of 1 mV/m. This

wave amplitude corresponds to a Poynting flux of - 3x10 -6

W/m 2 for a refractive index = 1000, Russell et al. [1989b]

reported a median Poynting flux of - 10 -7 W/m 2, assuming a

30-Hz bandwidth.

For the particular choice of wave and plasma parameters in

Figure 3a, we again find that electron heat conduction can eas-

ily match the Joule dissipation within an ionospheric hole.

Even though the heat conduction is of the same order as the

Joule dissipation for densities of 105 cm -3, we do not expect

the wave amplitudes to be as high as 1 mV/m for these densi-

ties. At these high densities the scaling laws are given by (9)

to (11), while at lower electron densities (9") to (11") apply.

Whistler mode waves tend not to be observed within the high-

density regions at higher altitudes, since they are Landau

damped and gyrodamped [Strangeway, 1992; 1995a]. The con-

duction scale length can be as large as 50 km for densities of

104 cm -3, and the conduction cooling will still exceed the

Joule dissipation. Thus similarly to the dayside ionopause, we

do not expect collisional Joule dissipation to be important at

moderate altitudes (> 150 kin) within the nightside iono-

sphere.

In Figure 3b we have chosen wave and plasma parameters

corresponding to the bottomside ionosphere. We assume that

L = 2 km, B0 = 5 nT, ne = 1000 cm -3, E = 10 mV/m, the neu-

trals are CO 2 and Net 2 = I0 It cm -3. The wave amplitude corre-

sponds to the wave intensities observed on the very low

altitude passes during the Pioneer Venus Orbiter entry phase

[Strangeway et a/., 1993b]. We have chosen the very short

scale length of 2 km, since this is of order the attenuation
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Figure 3. Electron heating and cooling rate estimates for

the nightside ionosphere. (a) The rates are shown for an iono-

spheric hole, altitude = 150 kin. We assume that L = 10 kin, B0

= 30 nT, T e = O. 1 eV, E = 1 mV/m, the ions are O +, and the neu-
trals are O with a density of 4x108 cm -3. (b) The rates are

shown for the bottomside ionosphere, altitude -- 130 kin,

where electron-neutral collisions dominate. We assume that L

= 2 kin, B0 = 5 nT, n e = 1000 cm -3, E = I0 mV/m, the neutrals

are CO 2 and NCo2 = 1011 cm-3. In Figure 3b we have also
shown the cooling rate due to vibrational excitation of CO 2

(6).

scale observed for the 100 Hz waves [Strangeway et al.,

1993b], and is also of order the density scale height for CO 2

[Ka._przak et al., 1993]. However, Figure 3b shows that even
for this short a scale the Joule dissipation exceeds the conduc-

tion cooling, except for the higher temperatures. Thus we

might expect that collisional Joule dissipation is an impor-

tant heat source for the bottomside ionosphere.

In addition to the elastic cooling rate, we have also included

the cooling rate through vibrational excitation of CO 2 in

Figure 3b. This cooling rate often exceeds that due to electron

heat conduction, and may in fact be the means for balancing

the Joule dissipation at the lowest altitudes. However, as dis-

cussed in the appendix, this cooling operates whether or not

waves are present, and the cooling rate is so large that it may

have important implications for the electron heat budget. In

the absence of any other heat source, the vibrational cooling

must be balanced by the heat conduction into the volume.

Taking the heat conduction curve in Figure 3b as a guide, it is

clear that the temperature gradient scale must be very short to

supply sufficient heating, and as shown in the appendix, large

topside temperatures may be required to provide the downward

heat flux necessary to balance the vibrational cooling at the

bottomside.

Last, in Figure 3b, fie > 1. However, since the collision fre-

quency is _ ta and f_e, it is by no means clear that resonant

wave-particle effects are important. Electron motion is almost

certainly dominated by collisions, and it is unlikely that elec-
trons can remain in resonance with waves.

In concluding from Figure 3b that wave Joule dissipation is

important for the bottomside we used a fixed wave amplitude

and fixed neutral and plasma density. However, all these

parameters are changing on very short vertical scales within

the bottomside ionosphere. The Joule dissipation that causes

electron heating also reduces the wave energy. If the heating

rate is high, we would expect that very little wave energy

would propagate into the ionosphere. It is therefore necessary
to take into account the variation of the waves and the ambient

neutrals and plasma if we are to assess realistically the impor-

tance of collisional Joule dissipation as a heat source for the

ionosphere.

4. Joule Dissipation: Self-Consistent Altitude

Dependence

Recently, Huba and Rowland [1993] presented an analysis of
the VLF wave transmission characteristics of the nightside

Venus ionosphere. In their analysis, Huba and Rowland per-

formed a full wave calculation of the wave attenuation for the

four frequencies sampled by the Pioneer Venus orbiter electric

field detector. In this section we will use the methodology of

Huba and Rowland [1993] to calculate wave electric field alti-

tude profiles for different ionospheric conditions. However,

we will extend the work of Huba and Rowland by calculating

the divergence of the Poynting flux (S) of the waves. Since the

Joule dissipation is equivalent to minus the divergence of the

Poynting flux (i.e., -Qj = -VS), we can use the latter to deter-

mine the amount of heating caused by the waves, rather than

the approximate form given by (3). In passing, it should be

noted that in our calculations Qj evaluated using (3) and VS dif-

fer by less than a factor of two. Also, although Huba and
Rowland considered all four channels of the OEFD, we will

only consider 100 Hz. The Joule dissipation is usually largest

for the 100-Hz channel than for the higher frequencies.

The method of Huba and Rowland [1993] is to numerically

integrate the wave equation

a2E__dgz2 = _ k(z)2E+ (12)

In (12), z is altitude, E_+= E x + iEy is the wave electric field for

the cold plasma L (+) or R (-) mode, and k(z) is the wave vec-

tor, given by c2k(z) 2 = ta2 _ _eta/(ta_iv+D_) ' where tape is

the electron plasma frequency. In this paper we will only solve

for the R mode, as this corresponds to the whistler mode. It
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Figure 4. Wave propagation through the nightside Venus ionosphere for weakly attenuated 100-Hz sig-

nals. (a) Ionospheric parameters: The peak density is 1000 cm -3, and the ambient magnetic field is 30 nT,

corresponding to a deep ionospheric hole. The electron temperature profile has been modified so that (1) is sat-

isfied. (b) Characteristic frequencies: The electron collision frequencies, wave frequency, and electron gyro-

frequency are shown. (c) Wave parameters: The wave electric field amplitude and Poynting flux are shown. The
real and imaginary parts of the refractive index (#) are also shown. (d) Heat budget: The Joule dissipation rate,

given by minus the divergence of the Poynting flux (-VS), the divergence of the heat flux (Vq), and the elastic

collision cooling rate (Qm) are shown. Although not included in the heat budget, we have also included the

vibrational cooling rate (Qv) for reference.

should be noted that for v _ _e the dispersion relation is

essentially the same for both modes.

In order to calculate the transmission characteristics of the

ionosphere we need to specify the ambient magnetic field, the

electron density, the ion composition, and the neutral density

and composition. We will allow the electron temperature to be

a variable within the calculation, being adjusted self-consis-

tently so as to balance the heat budget equation (1). The mag-
netic field is assumed to be vertical and constant, with the

magnitude depending on the ionospheric conditions we wish

to model.

The neutral density and composition are based on the

Pioneer Venus entry phase results of Kasprzak et al. [1993].

We assume that the two dominant neutral species are O and

CO 2, and we ignore all other neutral species. The O and CO 2

scale height temperatures are 105 K and 109 K respectively

[Kasprzak et al., 1993], giving a density scale height of = 6

km for O and = 2 km for CO 2. In (5) we assume that the neutral

gas temperature is the scale height temperature.

The electron density profile is modeled using a density pro-

file similar to that used by Huba and Rowland [1993], with the

modification that we allow the density to equal zero at the bot-

tom of the altitude range under consideration (125 kin). Thus

the waves are free space modes at the bottom of the iono-

sphere. The density profile as a function of altitude is given by

ne(Z) = ne0 tanh(2zb) exp[-(Z - z0)2/zt2]/tanh(2) (13)

where zb = (z - zl)5/(zo - zl) 5 , ne0 is the density at z = z0 = the

altitude of the density peak, zt is the minimum altitude, where

ne(Z ) = 0, and zt is a scale height. Note that since he(Z) reaches

a maximum at an altitude above z = z0, he0 is not exactly the



2286 STRANGEWAY:JOULEDISSIPATIONANDHEATCONDUCTIONATVENUS

c) Wave Parameters

IEI (V/m), S (mW/m 2)

10 -10 10"9 10 .8 10 .7 10 .6 10 .5 10 -4 10 .3 10 .2 10 "1 100

150

145

_-140

_ la5

130

125

10"5 10 .4 10 -3 10 .2 10 -1 100 101 102 103 104 105

Refractive Index

d) Heat Budget
150 ................ , ...... , ........ ,,._ ......., ....... , +_ ....., ........ , ........ , ........ ,

145 _ _i

_-140 '_
v ', (= Vq) \ "
- ' ' _ ',Qv
"_ 135 O m _ _ ,

130 _ i'

125 _ - '

10 "17 10 "16 10 -15 10 "14 10 -13 10 "12 10 "11 10 "10 10 .9 10"8 10 .7

Heating/Cooling Rate (W/m 3)

Figure 4. (continued)

peak density, and z0 is not exactly the peak density altitude.

Nevertheless, for convenience, we will refer to he0 as the peak

density and z0 as the peak density altitude. In our calculations

we assume zl = 125 kin, z,0 = 140 km, and zt = 20 kin. The alti-

tude minimum and peak density altitude are consistent with the

occultation measurements from the Pioneer Venus Orbiter

[Brace and Kliore, 1991], although the bottomside density

profile is not well known. Indeed, the high vibrational cool-

ing rate suggests that the bottom of the ionosphere could be

higher than the assumed 125 km altitude. We vary ne0 depend-

ing on the ionospheric conditions we wish to model. The ions

have the same density profile as the electrons and are assumed

to be 02 + . For the purposes of calculating the electron cooling

due to collisions we assume that the ion temperature is equal to

the neutral gas temperature in (5).

At this stage we will arbitrarily set the vibrational cooling

rate (Qv) to zero in the heat budget (1). This is done for two

reasons. First, as discussed in the appendix, including vibra-

tional cooling requires a source of electron heating. As we

shall see later, for an ionosphere which extends down to 125

km altitude, we find that the vibrational cooling always

exceeds the heating due to wave dissipation. Thus, including

the vibrational cooling in this case results in a temperature

profile where the electrons supply heat to the bottomside to

offset the cooling, rather than conduct heat away from the

region of wave dissipation. Second, by artificially turning off

the vibrational cooling, we can more clearly demonstrate how

heat conduction acts to balance wave heating.

The first case we analyze models a deep ionospheric hole,

with he0 = 1000 cm -3 and the ambient magnetic field = 30 nT.

The whistler mode waves detected at Venus are primarily

detected in ionospheric holes [e.g., Strangeway, 1995b]. This

is a consequence of both the reduced Landau damping and gyro-

damping [Strangeway, 1992, 1995a], and the relative trans-

parency of the bottomside ionosphere [Huba and Rowland,

1993]. The corresponding ionospheric parameters are shown

in Figure 4a. As discussed above, the neutral densities are

based on the Pioneer Venus entry phase observations, with the

electron density given by (13). The electron temperature pro-

file has been modified self consistently so that the heat budget

equation (1) is satisfied, as we discuss below. The electron

temperature at the bottom of the ionosphere is - 8 eV.

Figure 4b shows the associated characteristic frequencies.

We have assumed an incident wave with frequency 100 Hz.

Electron-ion collisions are relatively infrequent, even at 150

kin, because of the low ambient density. At 150 km altitude,

however, the electron-neutral collision frequency is also very

low, = 10 S-1.
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Figure 5. Wave propagation through the nightside Venus ionosphere for moderately attenuated lO0-Hz

signals. Similar in format to Figure 4. The peak density is 5000 cm -_, and the ambient magnetic field is 20 nT,

corresponding to a moderate ionospheric hole.

Figure 4c shows the associated wave parameters. At the bot-

tom of the ionosphere we assume a net applied wave field of 10

mV/m. This wave field is the sum of both incident and reflected

waves. The actual incident wave field is = 0.3 Vim. Figure 4c

shows that at the top of the model the wave amplitude is 0.5

mV/m, with a Poynting flux (S) of 6x10 -7 W/m 2, similar to

the values cited when discussing Figure 3a. For completeness,

we also include the real and imaginary parts of the refractive

index (#). The imaginary part is largest at 132 km, and at this

altitude the gradient in the Poynting flux is steepest.

The various terms that enter the heat budget are shown in

Figure 4d. Because the elastic collision cooling (Qm) is so

weak, the Joule dissipation, given by -VS, is almost com-

pletely balanced by the divergence of the heat flux (Vq), which

cannot be resolved separately in the figure. Thermal balance

has been achieved through iterative modification of the elec-

tron temperature profile. Initially, the temperature is assumed

to be constant at 0.1 eV, and there is no heat flux. At the start

of an iteration loop the wave amplitude is calculated as a func-

tion of altitude for the given ionospheric parameters. The Vq

required for energy balance is then calculated from (1), with Qj

replaced by VS. Vq is numerically integrated to specify a new

temperature profile, subject to the constraints that VTe = 0 at

125 km, and Te = 0.1 eV at 150 km altitude. The wave propaga-

tion and attenuation is then recalculated using the new temper-

ature profile. This iterative procedure is repeated until the

residual of the heat budget, summed over all altitudes, is < 10 -4

of the root square sum of the constituent terms within the heat

budget, giving the temperature profile shown in Figure 4a.

In Figure 4d we also plot the vibrational cooling rate, as

given by (6), although this cooling has not been included in

the heat budget at this stage. As noted earlier, Qv generally

exceeds the Joule heating rate. An additional electron heat

source is required to offset this cooling.

Wave propagation through a moderately attenuating iono-

sphere is shown in Figure 5. For this case the peak density is

5000 cm -3, and the ambient magnetic field is 20 nT. These

conditions correspond to a moderate ionospheric hole. Figure

5a shows that for this case the wave absorption again heats

the bottomside ionosphere, resulting with a peak electron

temperature = 8 eV. Because of the higher ambient density, Vei

is close to Yen at 150 km (Figure 5b). The wave is more
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Figure 5. (continued)

strongly attenuated in Figure 5c than in Figure 4c, with an

amplitude of 0.03 mV/m, and a Poynting flux of 6×10 -9 W/m 2

at 150 kin.

Solutions for a strongly attenuated 100 Hz wave are shown

in Figure 6, where the peak density is 20,000 cm -3, and the

ambient magnetic field is 5 nT. These parameters correspond

to what is observed in the typical nightside ionosphere. Yet

again the self-consistent bottomside temperature is = 8 eV

(Figure 6a). In Figure 6b the electron-ion collision frequency

is larger than the electron-neutral collision frequency at 150

kin. It is clear from Figure 6c that the waves are strongly

attenuated, the waves have essentially decayed to background

by 135 km altitude. All of the Joule dissipation occurs below

135 km (Figure 6d). At higher altitudes the heat conduction

changes sign, providing local heating to offset the elastic

cooling.

In Figure 6a, fie > 1 throughout the altitude range. However,

the collision frequency only drops below the wave frequency

for altitudes > 135 km, and at this altitude the waves have

essentially vanished. Thus we do not expect resonant wave

particle interactions to significantly modify our conclusions.

Figures 4 - 6 show that irrespective of the relative trans-

parency of the ionosphere the net amount of heating is

roughly constant. For all three cases the bottomside tempera-

ture is increased to about 8 eV. From comparison of (2) and

(3), under the assumption that Yen :_" ['2e, we find that T e =

400LE, where Te is in eV, L is in kilometers and E is in volts

per meter. If we assume that L is given by the neutral density

scale height, which appears to be the case in Figures 4a - 6a,

then for a net applied field of 10 mV/m and a scale length of 2

km we obtain a temperature of 8 eV, as found from the detailed

calculations presented here. Although this temperature is large

in comparison to typical ionospheric temperatures, the conse-

quences for the total ionospheric heat budget are probably

insignificant. In particular, because the electron-neutral colli-

sion frequency is high, the thermal conductivity is low. This

allows the ionosphere to support a steep temperature gradient,

and the upper ionosphere (> 140 km) is thermally decoupled

from the heated region in the bottomside ionosphere.

Additionally, we have not included vibrational cooling, which

will reduce the electron heating. In the next section we show

that the thermal decoupling is still present when we include

vibrational cooling.

5. Cooling Through Inelastic Collisions

Figures 4 - 6 show that the electron cooling rate due to the

vibrational excitation of CO 2 is about 3 orders of magnitude
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Figure 6. Wave propagation through the nightside Venus ionosphere for strongly attenuated 100-Hz sig-
nals. Similar in format to Figure 4. The peak density is 20,000 cm -3, and the ambient magnetic field is 5 nT,

corresponding to the typical ionosphere. In Figure 6d the Joule dissipation is so weak at higher altitudes that

we also plot -Vq, as this balances the cooling due to ions.

larger than the cooling due to elastic collisions. As such this

cooling should be included in the heat budget. However, as

noted in the appendix, the vibrational cooling operates even

in the absence of any wave heating, and a downward heat flux

is required to offset this cooling. Consequently, unless

Morrison and Greene [1978] significantly overestimate the

cooling rates, the bottom of the ionosphere may be as high as

130 kin. In assessing the effect of vibrational cooling we will

therefore assume that the Zl = 130 kin, instead of 125 km as

used in the previous section. Prior to presenting results of the

wave attenuation calculations, however, we note that attempts

to obtain solutions for Zl = 125 km resulted in unrealistically

high topside temperatures, unless intense waves (= 0.1 Vim

amplitude) were applied at the bottomside of the ionosphere.

These waves provide enough heat to offset the vibrational

cooling, without requiring any additional downward heat flux.

Less intense waves did not supply enough heat at the bottom-

side when Zl = 125 km.

In Figure 7 we plot solutions of the wave attenuation calcu-

lation for four cases: t0 mV/m applied field, weak attenuation

(Figure 7a); 100 mV/m applied field, weak attenuation (Figure

7b); 10 mV/m applied field, strong attenuation (Figure 7c);

and 100 mV/m applied field, strong attenuation (Figure 7d).

For the weakly attenuated waves we assumed a peak electron

density of 1000 cm -3 and an ambient field strength of 30 nT.

For strong attenuation we assumed a peak density of 20,000

cm -3 and a field of 5 nT. The wave amplitudes have been cho-

sen to reflect the average and extreme amplitudes expected at

the bottomside. Since many of the features of the model have

been shown in Figures 4 - 6, we only show the heat budget

terms, and the temperature and wave electric field profile in

Figure 7.

Figure 7a shows the results for moderate amplitude, weakly

attenuated wave field. In this case the vibrational cooling is

large enough to offset the Joule dissipation, at least for some

of the altitude range. The peak cooling rate is -- 5xl0 -10 W/m 3

= 3x103 eV cm -3 s -1. For larger amplitude waves, Figure 7b

shows that the vibrational cooling is insufficient to balance

the Joule heating. The temperature is therefore elevated, in

comparison to Figure 7a. Throughout the altitude range shown

Joule heating is balanced by electron heat conduction. Thus

only about 10% of the energy released through Joule dissipa-
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Figure 6. (continued)

tion actually causes vibrational excitation of CO 2, one cannot

simply equate the Joule dissipation rate to a neutral atmo-

sphere heating rate. The peak vibrational cooling rate is =

3x10 -9 W/m 3, roughly an order of magnitude larger than that

obtained for a 10 mV/m applied wave field. It should also be

noted that the strongest cooling, i.e., the most rapid transfer

of heat to the neutrals, does not occur where the electron tem-

perature is highest.

An applied field of I00 mV/m is extremely large, corre-

sponding to the very intense burst observed by the Pioneer

Venus Orbiter, at = 128 km on Orbit 5055, assuming a I00 Hz

bandwidth. Moreover, most of the incident wave electric field

is reflected. For Figures 7b, the incident wave field is = 5 V/m,

which is typical for electric fields due to terrestrial lightning

at 100 km away from the lightning strike [Uman, 1987]. Since

the spectral peak of lightning is usually in the few kHz range,

we might expect the wave amplitude at 100 Hz to be typically

about a factor of 10 less. Furthermore, while wave fields inci-

dent on the dayside or dusk ionosphere might be expected to

be of this amplitude, since this is the local time range over

which lightning appears to occur on Venus [Russell, 1991], in

the nightside the waves are thought to have traveled some dis-

tance in the surface-ionosphere waveguide [Strangeway,

1995b], and we expect lower amplitudes. Last, if as we suggest

here, the ionosphere is above 130 km altitude, it is possible

that the spacecraft was below the ionosphere for the lowest-

altitude measurements, and the wave fields measured at = 128

km may include vertical electric fields that are shielded from

higher altitudes.

Figures 7c and 7d show the wave attenuation and heat budget

for strongly attenuated signals. The decoupling of the bottom-

side from the topside is shown clearly in Figure 7c, where

there is a temperature minimum at = 136 km. At higher alti-

tudes, where the thermal conductivity is higher, a relatively

weak positive temperature gradient provides the heat flux nec-

essary to offset the vibrational cooling. At lower altitudes,

where the Joule dissipation is occurring and the conductivity

is lower, a stronger negative temperature gradient provides the

upward heat flux. In Figure 7d, where the applied field is 100

mV/m, the topside electron temperature is slightly elevated.

However, in Figures 7c and 7d the maximum vibrational cool-

ing occurs at altitudes above the maximum Joule dissipation•

From Figure 7c one could perhaps come to the somewhat

surprising conclusion that a modest amount of wave Joule dis-

sipation is required to offset the vibrational cooling. In Figure

A2, where there is no wave heating, we find a topside tempera-

ture of 0.5 eV is required to provide the necessary downward

heat flux. Because of the wave heating in Figure 7c, less heat



STRANGE'WAY:JOULEDISSIPATIONAND HEAT CONDUCTION AT VENUS 2291

a) Weak Attenuation, 10 mV/m

IEI (V/m), Te (eV)

10 -6 10 .5 10 -4 10 .3 10 .2 10 "I 100 101 102

150 x. '
• _ ........ 1 ....... I . = _ ,. .... l ..... I ..... : .......

, Q'. "\ '
x v " ,_\ I

145 - , -VS 'l

',om -'.\ ,

i ", IEI '/ " " '_- 140 411V

135 i , .. x,

130 ! - - "'"' ' ' ............ '_ .......

10-14 10 -13 10 -12 10 -11 10"10 10 -9 10 .8 10 .7 10 -6

Heating/Cooling Rate (W/m 3)

b) Weak Attenuation, 100 mV/m

IEI (V/m), Te (eV)

10"6 10 -5 10 .4 10 .3 10 .2 10 "1 100 101 102

150 ; ........ t ........ _, ........ _ , ..... _ ....... X_ ..... _ _'1 ....... _ ........

''" "'', X '_'Te

145 ', , " "..'&.-V S I

\ " "..,,LX
_-- , \IEI ". vq_

"_ Qm Q,,

135 ",,

130 7=I-- -- - -'- - -_ ..... ' .....

10-14 10 "13 10 "12 10 -I1 10 "10 10 .9 10 -8 10 .7 10 .6

Heating/Cooling Rate (W/m 3)

Figure 7. Heat budget, electron temperature, and wave amplitude as a function of altitude, including vibra-

tional cooling in the heat budget. (a) Weakly attenuated, moderate amplitude signal; (b) weakly attenuated,

high amplitude signal; (c) strongly attenuated, moderate amplitude signal; (d) strongly attenuated, high ampli-

tude signal.

flux is required from above, and a more reasonable topside

temperature of 0.1 eV is obtained.

We can use Figure 7c as a guide for how much heating of the

neutral atmosphere is reasonable. The peak cooling rate in

Figure 7c is = 10 -9 W/m 3, where the electron density is =

20,000 cm -3, and T e = 0.1 eV (again in a region where there is

no wave Joule dissipation). Unless the vibrational cooling

rate is severely overestimated, it seems reasonable to assume

that the neutral atmosphere can readily absorb heat supplied at

this rate, = 6x103 eV cm -3 s-1, since the plasma parameters

are consistent with in situ observations. At 140 km both O

and CO 2 have densities of = 2x109 cm -3, and assuming that

the vibrational energy is ultimately converted to thermal

energy [Cole and Hoegy, 1995], we get a heating rate of 0.04
K s-1 atom -1, which for a neutral gas temperature of = 100 K,

gives a doubling time of 2500 s, a little over 40 min.

Taking an electron cooling rate of 10 -9 W/m 3 as a rate that

does not seriously perturb the atmosphere, only the strongly

attenuated large amplitude waves (Figure 7d) appear to be

capable of perturbing the atmosphere when we incorporate

vibrational cooling in our calculation. Even then, the net

heating rate is only = 0.4 K s-1 atom -1. However, we have not

included other inelastic processes, specifically electronic

excitation of CO 2 and O, which are likely to be important

when electron temperatures are a few eV. Enhanced ionization

may even be possible. Such processes are thought to occur at

the Earth [Taranenko et al., 1993a, b] in association with

lightning, and it appears reasonable to expect similar effects

at Venus for the most intense waves.

6. Conclusions

Through order of magnitude estimates of the relative impor-
tance of the different heating and cooling rates we find that

collisional Joule dissipation of plasma waves is likely to be

important only at low altitudes in the ionosphere of Venus.
This conclusion arises from the inclusion of electron heat

conduction in the heat budget equation. Except at the lowest
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Figure 7. (continued)

altitudes, the heat flux associated with relatively small tem-

perature gradients is sufficient to match the heating from Joule

dissipation.

Near the dayside ionopause, temperature gradient scales >

1000 km can provide sufficient heat conduction to offset the

Joule dissipation. Waves are mainly observed above the

ionopause, where ambient plasma densities are of the order

100 cm -3 [Crawford et al., 1993], and the scale lengths can be

much longer, several planetary radii. At high altitudes in the

-nightside (> 150 kin), temperature gradient scale lengths > 10
km are sufficient for heat conduction to balance Joule dissipa-

tion. Even longer scale lengths (> 50 km) are sufficient in the

reduced density regions known as ionospheric holes, where

the waves are usually detected.

Determining the relative significance of Joule dissipation

in the bottomside ionosphere requires detailed wave propaga-

tion calculations, because the heating caused by Joule dissipa-

tion is a consequence of the attenuation of the wave fields. We

have performed wave propagation calculations using the

scheme of Huba and Rowland [1993], modified to iteratively

recalculate the temperature profile until the total heating rate

is zero.

During the Pioneer Venus entry phase the OEFD measured

100 Hz waves around 130 km altitude [Strangeway et al.,

1993b]. The waves decreased in amplitude with a scale height
of the order 1 kin, and with a peak amplitude of between 10 -6

and 10 -4 V m -1 Hz -1/2, which corresponds to an electric field

amplitude of a few tens of millivolts per meter assuming a
bandwidth of 100 Hz. Thus the calculations presented here are

consistent with the low altitude entry phase observations, and

we might expect bottomside electron temperatures to be ele-

vated to a few tens of eV for the most intense waves. As such,

Joule heating by the most intense waves could possibly result

in optical or ultraviolet emissions, or even enhanced ioniza-

tion, which may in turn provide additional evidence for light-

ning on Venus.
However, while electron heating may be occurring, the high

collision frequencies thermally decouple the bottomside iono-

sphere from higher altitudes, and we do not expect lightning

generated heating to have any catastrophic consequences for

the global energy budget of the Venus ionosphere and atmo-

sphere. In particular, it is not the Joule dissipation rate, but
the inelastic collision cooling rate that determines the amount

of heat entering the neutral atmosphere. Electron heat conduc-
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tioncarriesawayanyexcessheatthatcannotbeabsorbedby
theneutralatmosphere.Sincetheinelasticcoolingrate,which
wehavemodeledbyvibrationalexcitationof CO2,isonly
weaklydependentontemperatureabove0.2eV[Morrisonand

Greene, 1978], the cooling rate is approximately independent

of the amount of Joule dissipation, and we find electron cool-

ing rates, and hence neutral atmosphere heating rates, of the

order 10 -9 W/m 3 for typical wave field amplitudes. This rate

appears to be well within the bounds of heating rates which

can be accommodated by the neutral atmosphere.

Appendix

As noted in the body of the text, CO 2 is the dominant neu-

tral at low altitudes in the Venus ionosphere• Morrison and

Greene [1978] have investigated the cooling of electrons

through collisions with CO 2, and we use their work as a basis

for parameterizing the collision cross-section, and vibrational

cooling rate. Figure AI shows the cooling rates from

Morrison and Greene [1978], as indicated by the symbols. It is

assumed that the neutral gas temperature is 200 K. The solid

lines in Figure A1 show least squares regression lines through

the data. The functional forms for the regression were chosen

to best fit the data, with the constraints that the curves

approach an asymptotic form at high temperature, and that the

functions are positive definite for all temperatures.
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Figure AI. Cooling rates for electron-CO2 collisions
[after Morrison and Greene, 1978]. The symbols give the

cooling rates for vibrational (squares), electronic (diamonds),
and rotational (triangles) excitation of CO2, and for elastic,

momentum transfer (circles), collisions. The solid lines give

least squares fits used to parameterize the vibrational cooling
rate and momentum transfer collision cross section.

Turning to the momentum transfer cooling rate first, from

(5) and (7),

Qm = 3(me/me02) 4"19x107

• neNco2Tel/2a(T e-To02) eV cm -3 s -1 (A1)

where temperatures are in eV, and densities are in cm -3. Thus

the explicit temperature dependence in (A1) is removed prior

to performing the fit. Note that (A1) has been expressed

in eV cm -3 s -1, for direct comparison with Figure A1,

1 eV cm -3 s-1 = 1.6x10 -12 erg cm -3 s -t = 1.6x10 -13 W/m 3.

The fit yields a collision cross section for momentum

transfer of the form

or = 1.55x10 -t5

+ 2.76x10 -15 exp(-11.88 Te) / T 1/2 cm 2 (A2)

The fit to the vibrational cooling rate curve is

Qv = 3.23x 10 -9 neNco 2Tel/2

• exp(-21.8 exp(-Tel/2/0.0897)) eV cm -3 s-1 (A3)

Thus at high temperatures (> 0.3 eV) Qv/Qm = 1-34x103/Te and

the vibrational cooling generally exceeds the momentum

transfer cooling by about 3 orders of magnitude.

However, while electrons lose most of their energy through

inelastic collisions, they lose most of their momentum

through elastic collisions• If we denote the effective collision

frequency for momentum loss through vibrational excitation

of CO 2 as v v, then

v....Lv= me (Te - Tco2) Qv (A4)
yen moo 2 Te Qm

and since mco2/me = 8x10 4, even though Qv/Qm =

1.34x103/Te, the electron momentum loss collision frequency

is essentially that due to elastic collisions. Thus it is the col-

lision frequency for elastic collisions that gives the Joule dis-

sipation rate, while the cooling due to inelastic collisions is

the dominant collisional cooling term. This further empha-

sizes the relative inefficiency of cooling through elastic

collisions.

Another consequence of the relative efficiency of vibra-

tional cooling was alluded to in section 4, where we showed

that the vibrational cooling rate exceeded the Joule dissipa-

tion rate at most altitudes. Even in the absence of waves, the

vibrational cooling operates, and may require unrealistically

high topside electron temperatures to provide the heat flux

required to offset the cooling, depending on the assumed iono-

spheric density profile. This is shown in Figure A2, where we

plot solutions of the heat budget equation (I), but with the

Joule dissipation turned off, and cooling through vibrational

excitation of CO 2 (A3) turned on. The thick curves to the right

of the figure show the temperature and cooling rate profile

obtained for the same density profile shown in Figure 6. Since

downward heat flux is the only source of heat in the model, (1)

requires unrealistically high topside electron temperatures•

When obtaining a solution of (I) in this case, we required that

the electron temperature at lowest altitude be the same as the

neutral gas, and allowed the topside temperature to float.

Because the vibrational cooling rate is proportional to

NC02, while the thermal conductivity is inversely propor-

tional to Nco 2 (through the collision frequency), small
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Figure A2. Electron temperature profiles and associated cooling rates for different ionosphere minimum

altitudes. The temperature (thick solid line) and collisional cooling rate (thick dashed line) are plotted to the

right for an ionospheric density profile that vanishes at 125 km altitude. The peak density is at 140 kin, with a
value of 20.000 cm -3. The thin lines shc'.v the temperature and cooling rate for the same peak density and alti-

tude, but with the ionospheric minimum altitude at 130 km.

changes in the minimum altitude of the ionosphere can have

marked changes in the vibrational cooling rate. The thin

curves to the left of Figure A2 show the temperature and cool-

ing rate when we assume that the electron density vanishes at

an altitude of 130 km. Clearly, while slightly elevated, the

temperatures are much more reasonable. Thus in section 5,

where we discuss wave transmission including vibrational

cooling, we assume the bottom of the ionosphere is at 130

km.

As a last remark on inelastic cooling, we have not included

other cooling processes, such as the fine structure excitation

of atomic oxygen [Hoegy, 1976]. Except at higher altitudes (>

150 km), this cooling is relatively unimportant in compari-

son to the cooling by CO 2. However, a complete analysis of

the electron heat budget should in the future include this and

other cooling terms due to inelastic collisions with atomic

oxygen.
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Venus nightside ionospheric irregularities and their relationship

to VLF bursts

C. M. Ho, 1 R. J. Strangeway, and C. T. Russell

Institute of Geophysics and Planetary Physics, University of California at Los Angeles

Abstract. The plasma density and magnetic field are highly spatially and temporally variable in

the Venus nightside ionosphere. This variability may affect the propagation and the generation

of plasma waves. We determine how these irregularities are related to plasma wave activity.

Previously, we have found two types of signals in the lower ionosphere, 100-Hz narrow-band

signals and high-frequency wideband bursts. We investigate how these two different wave phe-

nomena depend on the structure of the ionosphere. We calculate the ratios of the instantaneous

values of electron density, magnetic field, and electron temperature relative to their average (1

rain) values, and also their gradient scale lengths. The 5.4-kHz burst activity is related to density

depressions and obvious elecgon temperature enhancements, but varies little with magnetic field

strength. The 100-Hz narrow-band signals are often associated with significantly enhanced mag-

netic field and depressions of elecgon density. Both higher field strength and lower density

result in a lower fl (ratio of thermal pressure to magnetic pressure) plasma, which favors the

propagation of whistler waves. We find that neither type of signal is associated with gradients of

the magnetic field, but the 5.4-kHz wideband signals have higher occurrence rates at higher

electron density and temperature gradients, while the 100-Hz narrow-band burst rate increases

only slightly for steeper gradients. A local gradient-driven instability cannot explain most of the

100-Hz narrow-band signals, but some 5.4-kHz signals may be associated with pressure

gradients.

1. Introduction

The plasma wave instrument on board the Pioneer Venus

Orbiter detected many VLF bursts at low altitudes in the night-
side ionosphere of Venus. In the initial studies of F. L. Scarf and

colleagues, only the bursts detected at 100 Hz were attributed to

waves generated by atmospheric lightning [Scarfet al., 1980a;

Scarf and Russell, 1983], assuming that the 100-Hz bursts were

electromagnetic whistler mode waves. Later, Singh and Russell

[1986] argued that the higher-frequency bursts detected at low

altitudes were also lightning related, even though the signals

could not propagate to the spacecraft as electromagnetic waves,

since they were observed in a propagation stop band between the

local electron gyrofrequency and plasma frequency.

The initial studies were at best qualitative. As pointed out by

Taylor et al. [1987], the initial studies of the 100-Hz bursts were

not normalized by observing time, and the analysis of wideband
data suffered from the apparent inclusion of artificial bursts due

to telemetry errors [Taylor and Cloutier, 1988; Russell and

Singh, 1989]. To correct these defects, two new data sets were
derived. One determined the fraction of 30-s intervals within the

data set that contained VLF burst activity [e.g., Russell et aL,

1988]. The second counted individual bursts, to determine burst

rates [e.g., tlo et aL, 1991]. Both these data sets allowed normal-

INow at Jet Propulsion Laboratory, Pasadena, California.

Copyright 1995 by the American Geophysical Union.
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ized rates of activity to be determined, as well as investigation of

the dependence of burst activity on parameters such as local time,

altitude, and ambient plasma parameters.

With their improved data set, Russell et al. [1988] found that

both the 100-Hz and wideband wave activity peaked at or near

periapsis altitudes. Moreover, the wide-band data tended to peak

near the dusk local time sector [Russell eta/., 1989a]. This find-

ing was cited as evidence for atmospheric dynamics controlling

the burst activity, rather than active volcanism. The altitude and

local time dependence was also found in the burst rate study of

1to et al. [1991], who further found that the 100-Hz burst activity

had a strong dependence on magnetic field strength. In subse-

quent work, Ho et al. [1992] demonstrated that the 100-Hz burst

activity could be separated into two classes, one in which 100-Hz

bursts are assumed to propagate vertically from below the iono-

sphere within the whistler mode resonance cone, and the second

consisting of non-whistler mode signals. These two classes of

signal have markedly different altitude profiles, with the non-

whistler mode signal burst rate decreasing much more rapidly

with increasing altitude, in a manner similar to the wide-band

bursts above the electron gyrofrequency. Estimates of the

Poynting flux also suggest a weak falloff with altitude for the

100-Hz signals [Russell et al., 1989b].

However, there is some indication that the burst rates of the

high-frequency signals decrease at lowest altitude [e.g., Ho et al.,

1992]. Why this occurs has yet to be resolved; it may be due to a

change in instrument response to the presumed shortening of the

wave pulses at low altitude, or it could be an indication that the

higher-frequency waves are only generated above a certain alti-

tude. The latter interpretation does not preclude a lightning

source, since there is evidence of direct coupling between light-

ning and the ionosphere at the Earth [e.g., Boeck et a/., 1992;

Burke et al., 1992].

9697
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It has also been argued that the 100-Hz bursts are generated in

situ. From ion mass spectrometer data, Taylor et aL [1985] found

that ionization troughs were frequently observed in the Venus

nightside ionosphere and that 100-Hz plasma waves were often

associated with these ion density troughs. Superthermal ions are

observed in association with troughs, and through analogy with

observations at the dayside ionopause, they suggested that some

local plasma instability within the troughs resulted in the burst

signals. However, Scarf[1986] pointed out that a strong radial

magnetic field is a necessary condition to detect whistler mode

events. Density troughs are often associated with intensification

of the vertical magnetic field [Brace eta/., 1982; Luhmann et al.,

1981, 1982; Luhmann and Russell, 1983]. This phenomenon is

conducive to the upward or downward propagation of low-

frequency whistler waves, and hence we would also expect a cor-
relation between 100-Hz whistler mode bursts and density

troughs.

Recently, Grebowsky et al. [1991] have noted that the night-

side ionosphere has many small-scale irregularities, as evidenced

by anomalous Langmuir probe current-voltage response curves.

These perturbations have scale lengths of 0.1-2.0 kin. Grebowsky

et al. [1991] also reported a correlation between the Langmuir

probe anomalies and 100-Hz bursts, although they used a some-

what subjective analysis method, with a variable burst threshold

and no test for random coincidence. Strangeway [1995], using a

more objective method, showed that the correlation is only

weakly statistically significant and most of the 100-Hz bursts do

not appear to be due to electric fields associated with density

fluctuations.

However, Huba [1992] proposed a lower hybrid drift instabil-

ity as a possible source for the density fluctuations. Lower hybrid

waves also have perpendicular polarization and preferentially

occur in low-]3 plasma regions, as do the whistler mode waves.

For sufficiently short wavelengths (=100 m), the waves could be

Doppler shifted to 100 Hz through spacecraft motion. The lower

hybrid waves are generated by pressure gradients. Although

Strangeway [1992] showed examples in which gradients in the

field and density tended to bound the regions in which the 100-

Hz waves were detected, it is nevertheless important to examine

the relationship between 100-Hz waves and ionospheric structure,

which can be highly variable at Venus.

Plasma variability in the Venus nightside ionosphere is exhib-

ited in several forms, including large-scale electron density holes

[Brace et a/., 1980, 1982] and smaller-scale density depressions.

The magnetic pressure is usually less than that of the ionospheric

plasma. Thus there is much turbulence and distortion in the mag-

netic field, which is much more irregular in the Venus ionosphere

than in the terrestrial ionosphere [Luhmann and Cravens, 1991].

These variations may affect the propagation and/or generation of

the plasma waves observed in the nightside ionosphere. However,

the high variability makes it difficult to establish a criterion to

define or measure depressions and enhancements of the ambient

plasma parameters. For example, it might be expected that a

plasma depression should be accompanied by an enhancement of

the magnetic field to maintain pressure balance. But if there are

temporal variations, this balance will not be complete, and the

variations in magnetic field and density will not necessarily be

anticorrelated.

Most investigations of density holes in the nightside iono-

sphere are case studies. A quantitative definition of holes and

statistical methods for studying holes is wanting. For example,

while Taylor et al. [1987] give identification criteria for ion

troughs, some subjectivity is introduced through the estimation of

the background profile that would be present in the absence of a

trough. Additionally, the method employed by Taylor at al.

[1987] only specifies the presence or absence of a trough, but not

the depth of the trough. Moreover, we have no quantitative defi-

nition specifying a magnetic field enhancement. We need an

explicit definition of a "hole" or density depression to perform a

quantitative statistical study of the magnetic field and plasma and

VLF waves in the lower ionosphere of Venus. In the next section

we will introduce our methodology to define a depression or

enhancement of the field and plasma. Using this definition, we

perform statistical studies to determine whether plasma wave

activity is associated with ionospheric irregularities in section 3.

Our results are summarized in the last section.

2. Methodology

In this study the plasma wave data come from the observations

of the Pioneer Venus Orbiter (PVO) electric field detector

(OEFD) [Scarfet al., 1980b]. The magnetic field and the electron

density are measured separately by the Orbiter magnetometer

(OMAG) [Russell et al., 1980] and the Orbiter electron temper- .

ature probe (OETP) [Krehbiel et al., 1980]. The OEFD has four

narrow-band frequency channels at 100 Hz, 730 Hz, 5.4 kHz, and

30 kHz with +15% bandwidth. Both electric field and magnetic

field data have 0.25-s resolution at the highest data rates. The

third PVO eclipse season (orbits 471-570) has low periapsis alti-

tude (141-168 kin). For this season, L. H. Brace has provided us

with high-resolution (2.0 s) electron density (n=) and temperature

(Tt) data. For comparison, we have consequently used 2.0-s aver-

age magnetic field (Bt) data in this study. We have restricted data

to below 300 km altitude for the 100 nightside orbits, because we

want to emphasize the study of the lower-ionosphere structure

and VLF burst signal activity. Under this altitude restriction each

orbit has variable time duration (roughly about 6-7 rain) depend-

ing on the local time of periapsis of the orbit. After surveying all

data for season 3, we find that B t and n_ have larger relative vari-

ations than T,. The magnetic field can vary from a few nanoteslas

to 60 nT, while n, also may change up to 2 orders of magnitude.

We find that the irregularity structures generally may be classi-

fied as four types according to their dimensions.

First, for 15% of all orbits, the observations show large-scale

and relatively static structures in the magnetic field. These static

structures are observed for at least 3 rain and have a dimension

about 2000 km along the orbit. The magnetic field usually is

stronger than average. Second, for 15% of the orbits, the obser-

vations show semistatic magnetic field structures. Many small-
scale structures mix with a few middle-scale (500-2000 kin)

structures. Third, on about 25% of the orbits, wavelike structures

are observed. These orbits mainly are those in the dusk and dawn

sides (471-482 and 557-570). The density and temperature have

wavelike structures with about 20-s periodicity, but the magnetic

field often is highly variable with shorter period, less than 5 s.
Thus these wave structures usually have dimensions less than 100

km [Brace eta/., 1983]. Last, for the remaining 45% of the

orbits, the ionosphere displays irregular rather than periodic

structures with dimensions less than 500 kin. We should point out

that the larger-scale (dimension of >500 kin) irregularities are

very infrequent, in comparison with the small-scale irregularities.

The small-scale irregularities are dominant structures by number

in the nightside ionosphere, because 80% of observing time is in

regions with variations of less than 500-kin scale in the field or

plasma. Thus it becomes important for us to determine the rela-
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tionship between VLF burst signals and these small-scale irregu-

lar structures.

Although these small-scale irregularities can be identified by

eye, it is not easy to give them an accurate definition for the pur-

pose of statistical studies. The difficulty comes from their exten-

sive variations in magnitude and time scale. Taylor et o2. [1987]

define an ion trough according to the criteria that the total ion

density must decrease by at least a factor 2 relative to the upper

envelope of the density profile, with the initial reduction occur-

ring within an interval of 3 s or less, and this depletion must be

maintained for at least 10 s. Their definition excludes small and

narrow troughs. In addition, any correlation between the magnetic

field and plasma cannot be found from their method, because

they did not identify magnetic field enhancements. In this study

we investigate the variation of both the ambient plasma and mag-

netic field.

Since a depression or an enhancement must be a variation rel-

ative to some background value, we need to find background val-

ues for n,, 7",, and B t. The nightside ionospheric observations

show that the variations from day to day in the field and plasma

axe very large, so that it is impossible to use a f'Lxed average pro-

file to express them. On two adjacent orbits the electron density

may have 1-2 orders of magnitude difference at the same altitude.

The Theis model [Theis et a/., 1984] is based on statistical aver-

age results, and the model does not work well on individual

passes. In some days the observed electron density is well above

the model everywhere, whereas on many other orbits a much

lower density is found, 1-2 orders of magnitude below the model,

everywhere along the orbit. Thus we cannot find a general aver-

age profile to fit every orbit.

An alternative approach to determining the location of depres-
sions and enhancements is to first obtain the average profile of

each orbit from a running average of the instantaneous data, and

then use this average value of each quantity (<Br>, <n,>, <Te>) as

the background profile. An important task is to choose how large

a window over which to average data. The window width of the

running average that we used depends on the dimension of the

irregularity in which we are interested. A wider window allows
the detection of larger-size depressions and enhancements, but

the smaller variations occurring inside a large variation will not

be identified as a separate feature. When we use a very narrow

window, the average profile more nearly follows the instan-

taneous value inside the larger depressions and enhancements,

and large-scale features are not identified. Because we want to

focus on the variations with dimension less than 500 kin, we use

a 60-s window and an arithmetic running average to find and

measure these slxuctures, based on the spacecraft speed (10 kin/s)

around periapsis altitude. Because "disappearing ionospheres"

axe large density depletion and field enhancements usually lasting

for at least half a nightside pass, our criterion cannot identify

these structures. Thus in this study, bursts detected for density

depressions or magnetic field enhancements are not associated

with disappearing ionospheres.

Figure 1 shows a typical orbit of VLF burst signals and the

irregularities in magnetic field and electron density in the night-

side ionosphere of Venus on orbit 500. The orbit has a periapsis

altitude of 150 km at 1055:39 UT. From top to bottom we show

electric field wave intensities at 30 kI-Iz, 5.4 kHz, 730 Hz, and

100 Hz. Plasma wave data have 0.25-s resolution. We see that

strong impulsive broadband signals appear in all four frequency
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Figure 1. Periapsis pass on orbit 500 showing VLF burst signals and irregularities in the magnetic field and the

electron density in the nightside ionosphere of Venus. The upper time series are electric field wave intensities in

four narrow-band frequency channels at 30 kI-Iz, 5.4 kHz, 730 Hz, and 100 Hz. The bottom three panels give the

total magnetic field, the angle between the magnetic field direction and the radial direction, and the electron den-

sity. The dashed lines in the plots of the magnetic field and the density represent their average profiles.
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channels.Therearesomenarrow-bandsignalsappearingonly in

the 100-Hz channel to the right of the plot. The small periodic

pulses in the 100-Hz channel after 1057 UT are interference, but

the large 100-Hz pulses near 1057 and 1058 UT are real signals.

The bottom three panels give the total magnetic field (0.25-s res-

olution), the angle between the magnetic field direction and the

radial direction, and the electron density (2.0-s resolution). The

dashed lines in the panels of the magnetic field and the density

represent their average respective profiles, which are obtained by

using a 60-s running average as discussed above. We can see that

there are many irregular enhancements or depressions in the

magnetic field and the density. They have different time scales

from a few s to some 40 s. The average profiles (dashed lines)

follow the general trends of B, and n, very well. The burst signals

mainly occur in the relatively large and static B t regions, rather

than small-size turbulent regions. In general, when B t increases,

n, decreases, and vice versa. However, we do not always see a
clear anticorrelation between the field and density.

For the study of the relationship between burst activity and

irregularities, we calculate the relative variation of B,, n,, and T,,

using their instantaneous values over their average profile values

(GI<G>, where G is the instantaneous value and <G> is the aver-

age). When the ratio is greater than one, and a wave burst occurs,

we will say the burst is associated with an enhancement. When

the ratio is less than one, any burst signal is associated with a

depression. With this variation ratio we may determine the

dependence of burst activity on the magnitude of an enhancement

or depression of the field and plasma, as we do below, in section

3.1.

We also wish to investigate the relation between burst rates

and the magnitude of the gradient or the scale length of the field

and plasma. These gradients may be related to either a depression

or an enhancement. Because the spacecraft motion near periapsis

is mainly horizontal, we detect mostly horizontal gradients in the

t " i "

-- I00 Hz Only _

.... 5.

0.1
&
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0.001 .... '
0.1 1 10
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Figure 2. Dependence of the burst rates in the t00-Hz channel

only (solid line) and the 5.4-kHz channel (dashed line) on the

relative variation of B r The rates are plotted on a logarithmic

scale. The error bars are given by the rate/'V(N-1), where N is the

number of 2-s resolution data samples. The hatched region

indicates the burst rate for one count per bin. There are no

samples in a bin if the hatched region extends to the top of the

plot. The narrow-band 100-Hz burst signals have a higher rate

mainly in the B t enhancement region. The 5.4-kHz bursts appear

for both enhancements and depressions Bt.

nightside lower ionosphere. In order to characterize the size of

these gradients, we assume that both the field and plasma vary

exponentially as a function of horizontal distance. For the mag-

netic field, we assume B = B o exp (s/Hs), where H 8 is the hori-

zontal scale length and s is the displacement in the horizontal
direction. Thus

1 1 dB AB/

Here, Z_i(= Bj+ l - B/_,)and Asj (= sj÷t - sj_t) approximate dB

and ds, where the subscriptj refers to thejth measurement in the

time series. The electron density and temperature take similar

forms with scale length H n and H r. We will use these scale

lengths to express the magnitude of the gradients in section 3.2.

In using (1) we have assumed that there is no significant temporal

variation over the time scale of the sample used to determine the

scale length, and that the normal altitudinal variation observed in

the nlghtside ionosphere does not greatly affect the deduced gra-

dient scale length.

Because the magnetic field and electron data have 2.0-s reso-

lution, the gradient, as defined in (1), will have 4.0-s resolution. "

Thus for a gradient in the magnetic field or electron density the

minimum scale length we can identify is about 20 kin, and the

gradient dependence study suffers from this data resolution
limitation.

3. Results

Using the method outlined in the previous section, we can find

the dependence of burst activity on irregularities through a statis-

tical study. We use the burst identification developed previously

[Ho et al., 1991] for high-resolution electric field data and deter-
mine whether or not a burst is present at each data interval (0.25

s) and whether burst activity is coincident with the irregularity
structure. The lower-resolution (2 s) OETP data are interpolated

when merged with the higher-resolution wave data. In addition,
we calculate 2-s resolution averages of the magnetic field data,

allowing direct comparison with the OETP data. We will exam-

ine the dependence of the burst rates on the relative variations in

the magnetic field and electrons, as well as with the gradients.

3.1. Effects of Relative Variation on Burst Activity

We use the relative variation of B t, n_, and T_ to determine

when the different types of burst signals occur. We refer to 100-

Hz narrow-band signals as "100 Hz only." We use the 5.4-kHz

signals to represent the high-frequency broadband signals,

because these broadband signals have a larger amplitude relative

to the background noise in the 5.4-kHz channel [Ho et al., 1991,

1992].

Figure 2 shows the relationship between the burst rates in the
100-Hz channel only (solid line) and in the 5.4-kHz channel

(dashed line), and the relative variation of Bt. The hatched region

in the figure gives the burst rate corresponding to one burst

occurring for all the data within the bin (i.e., the inverse of the

time spent per bin) and is a measure of the statistical reliability of
the calculated rate. There are no samples in a bin when the

hatched region extends to the top of the plot. The burst rates

(burst number/time spent) have been smoothed by calculating a

running average of burst number and time spent separately before

calculating the burst rate. Otherwise the smoothed burst rate is
biased toward rates that have shorter sample times. Because of
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the smoothing it is possible to have a nonzero burst rate less than

the inverse sample time. We have also included error bars for the

burst rate, given by standard error of the mean = mean/_/(N-1),

where N is half the time spent per bin. Although the data have

been interpolated to obtain burst rates, the underlying data reso-

lution of the OETP data is 2 s, and N therefore roughly corre-

sponds to the number of independent samples within a bin. Thus
the error bar gives the Icy confidence level for the rate. The 100-

Hz-only burst signals have higher rates in regions of B r enhance-

ment, but with little dependence on the size of the enhancement,

the falloff for high B/<Br> being due to the lack of data samples.

The 5.4-kHz burst activity mainly occurs in regions of smaller

relative variation. In Figure 2 we used 2.0-s resolution magnetic

field data for comparison with the electron data. We also have,_

used 0.25-s resolution magnetic field data, and tliere is no large
difference between the results obtained :$.rom the two different

data resolutions.

The dependence of the burst rates for the 100-Hz channel only
(solid Line) and the 5.4-kHz channel (tla_he_d line) on the relative

variation of n, is shown in Figure 3. We see_v4t the 100-Hz-only

bursts mainly appear in n, depressions, buf:_ilso there is a burst

rate peak in n, enhancements. The 5:4-kHz burst rate peaks in

both enhancements and depressions, though there is more burst

activity in density depressions. However, the peak in the high

density has larger error bars. Although both 100-Hz and 5.4-kHz
bursts tend to be detected in the regions of low electron density,

the 100-Hz bursts are weakly dependent on density variations.

The 100-Hz burst rate tends to be larger for both magnetic field

enhancements and density depressions, as we wa¢ld expect if the
plasma/3 controlled the 100-Hz burst activity. ,....,

Figure 4 shows distributions of the burst rates in 100-Hz chan-

nel only (solid line) and in the 5.4-kHz channel (dashed line)' ver-

sus the relative variation of T,. We see that higher 5.4-kHz bu/st

rates are associated with high T, relative to the background. The

100-Hz-only signals are less dependent on the relative variation

of T,. The 100-Hz-only signal occurrence rates peak for both T,

enhancements and depressions, with a slightly higher but.less

statistically significant rate for T, enhancements. Note that

I ....... h- "r:__ _××_

.... 5.4 kHz .¢ ,,__:_x_

•. _ :-._ 7;" .

_ 0.1

0.01

0.001 ....
0.1 1 10

ne/<ne>

Figure 3. Variation of the burst rates of narrow-band lO0-Hz

signals (solid line) and 5.4-kHz signals (dashed line) versus the

relative variation of n,. Similar in format to Figure 2. The

narrow-band 100-Hz burst signals have a higher rate in the n,

depressions, whereas the 5.4-kHz burst activity mainly depends

on the larger variation ratio of n, relative to its background

profile, regardless of enhancement or depression in n,.

7 0.1
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Figure 4. Relationship between the burst rates for narrow-band
100-Hz bursts (solid line) and 5.4-kHz bursts (dashed line) and

the relative variation of 2",. Similar in format to Figure 2. The

ngrrow-band 100-Hz burst signals have a slightly higher rate in
tee 1", enhancement region, but the 5.4-kHz burst activity only

appears in the T t enhancement regions but with large error bars.

>-

although there are samples for the higher temperature ratios, the

number is too small to be statistically significant.

Whether or not the 100-Hz narrow-band burst signals appear
only inside the density depressions has been argued for several

years [Taylor et 02, 1985, 1987; Scarf, 1986]. Opponents of the

lightning hypothesis suggest that the density depression is a suf-

ficient and necessary Condition for burst signal appearance. All

VLF' signals should be associated with these density troughs.

Local;, instabilities around the troughs are the causes of these
. %"

wave 'signals. Supporters of the lightning hypothesis argue that

lower density and stronger vertical magnetic field inside the

trough may act as a wave duct to trap and guide the VLF waves

as they propagate from the atmosphere to the ionosphere.

However, under this hypothesis, a density depression is not a

necessary condition for VLF burst existence. The present study

shows that the burst signals do not always occur in the density

depression regions. At least 30% of the total 100-Hz-only bursts
appear in the n, enhancement regions, although only 5% of the

bursts occur for density ratios greater than 1.26.

The occurrence of bursts within density enhancements appears

to indicate that the presence of a trough is not a necessary con-

dition for 100-Hz waves, but it should be noted that our definition

of enhancements and depressions is based on a running average,

whereas Taylor et 02. [1985, 1987] define troughs as a reduction

in density with respect to an inferred standard density prof'fle. A

gradient in the density that is sharp in comparison with the aver-

aging interval could give both an enhancement and a depression

according to our definition. Thus the edges of troughs as defined

by Taylor et al. may manifest themselves as weak enhancements

in our statistics. Nevertheless, there are two mitigating factors

that support our statement that a large fraction of 100-Hz bursts

are not associated with density troughs. First a trough, as defined
by Taylor etal., is most discernible if the density profile is rela-

tively smooth, with the trough being an isolated signature in the

profile. In that case, the running average will be a reasonably

close approximation to the background profile. It can be shown

that for a simple steplike reduction in density from nt to n2, then

nt/a = 1/(1 -f(1 - g)), and n2/_ = gnl/a, where a is the running

average of the density, g = n2/n I (< 1), andfis the fraction of time
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in the running average for which the density is reduced. Iffand g

are small, ntlh = 1 + f, while n21fi -- g. Thus the apparent

enhancement is much weaker than the associated depression. If,

on the other hand, the density profile is disturbed, then it is not at

all clear how one should define an ambient profile. In that cir-

cumstance, our method is as appropriate as any other. The second

mitigating factor is that in section 3.2 we find that the 100-Hz

bursts are not dependent on density gradients, which we would

expect if the waves are associated with the edges of density

troughs.
We have found some differences between the activity of the

100-Hz narrow-band burst signals and 5.4-kHz high-frequency

broadband signals. Although both types of signals often occur in

n, depressions, the 5.4-kHz signals mostly appear in the enhanced

7", regions, whereas the 100-Hz signals mainly are associated

with enhanced magnetic field. Thus we infer that the magnetic

field variation is a stronger controlling factor for the .100-Hz-only

signals. One reason for the magnetic field dependence is that

strong magnetic field may enlarge the whistler resonance cone

angle, which allows the wave to propagate more nearly parallel to

the field. The other reason may be that both stronger magnetic

field and lower electron density result in a lower-fl plasma than

the surrounding medium. Although we have not addressed the fl

dependence in this study, Strangeway [1992] has shown that

100-Hz bursts tends to occur in regions of low t, where the

Landau damping of whistler mode waves is small. The

correlation of the 5.4-kHz burst activity with enhanced T, is also

relatively important. However, we do not know the source of this

correlation. In general, only highly nonlinear plasma waves, such
as solitons, are thought to cause changes in the ambient magnetic

field or plasma density. On the other hand, plasma waves are

often associated with some form of plasma heating. Thus it is not

clear which is cause and which is effect in the correlation

between the 5.4-kHz waves and enhanced temperatures.

3.2. Gradient Effects on Burst Signals

In order to estimate the possibility of the 100-Hz burst signals

being caused by a local source, we study the relationship between

the burst signals and gradients of the magnetic field and plasma.

Some authors have proposed that the low-frequency waves

observed on Venus are caused by a gradient-driven ion acoustic

instability [Taylor et al., 1987; Grebowsky et al., 1991]. A more

plausible mechanism is the generation of lower hybrid waves

through the gradient-driven instability [Huba, 1992]. The lower

hybrid wave has many similarities to the whistler mode wave.

Both of them are polarized perpendicular to the ambient magnetic

field as the observations show [Strangeway, 1991, 1995]. They

preferably occur in low-/3 plasmas due to weaker attenuation.

However, the differences between them also are distinct. A

whistler mode wave is an electromagnetic wave and is guided

along the ambient magnetic field. A lower hybrid wave is an

electrostatic wave and propagates perpendicular to the magnetic

field. This wave is driven by the diamagnetic current associated

with pressure gradients. Huba [1992] has suggested that the

irregularities in the lower ionosphere may provide this gradient-

driven instability for lower hybrid wave. Furthermore, very short-

scale irregularities may also be a consequence of the gradient-

driven instability.

In a magnetized plasma, the particle drift velocity va due to a

force F is given by

F×B
va = _ (2)

qB 2

where q is particle charge. This drift provides the free energy for

the lower hybrid wave.

For a force due to a pressure gradient given by a density

change, we may represent the drift velocity van by

k_T,V(n,) × B
v d_ = n'eB 2 (3)

If n, takes an exponential distribution in the horizontal direc-

tion n¢=neo exp (s/H,), where H, is the scale length of density

gradient, using the definitions of the electron thermal velocity vth2

= kBT,/m ,, and electron gyrofrequency i) e = eB/m,, we have

vt2a (4)
van = _eHn

Thus we can see that the drift velocity is proportional to the

square of the electron thermal velocity but inversely proportional

to the scale length of the density gradient. Ions will have a similar

but oppositely directed drift for 2", - 7",.

The drift velocity associated with a magnetic field gradient is

inversely proportional to the scale length of the gradient of the

magnetic field:

2vL
vd8 = _ (5)

As noted by Huba [1992], the density gradient causes bulk drift

of the plasma, while the gradient drift caused by the magnetic

field (5) affects the individual particle kinetics. The magnetic

field gradient drift opposes the pressure gradient drift in a plasma

that is in pressure balance, and the instability can be stabilized for

sufficiently high magnetic field gradient drifts. Thus a study of

the dependence of the burst rates on the gradients is a crucial test

in determining the possible wave source.

In order to examine the dependence of burst activity on gradi-

ents, we calculate the burst occurrence rates for different mag-

netic field and plasma gradients. We have folded negative and

positive gradients together. Figure 5 shows these occurrence rates

I I [ t '
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Figure 5. The occurrence rates of narrow-band 100-Hz bursts

(solid circles) and 5.4-kHz bursts (open circles) as a function of

the gradient of B,. The hatched region gives the 1-count level,

similarly to Figure 2. The straight lines within the plot show

regression lines for 100-Hz bursts (solid line) and 5.4-kHz bursts

(dashed line), determined by using a weighted least squares

method. Both the 100-Hz-only and 5.4-kHz signals are mainly

present for smaller gradients (HB > 50 kin).
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Table 1, Regression Test Statistics for Burst Rate Versus Inverse Gradient Scale Length

9703

Frequency Gradient Fit Type a d.f. (n) b Test Statistic c Ft,,, a Slope c

100 Hz Bt logl0 8 31.81 5.32 -36.2 + 14.8

5.4 kHz B t logl0 6 43.85 5.99 -39.6 + 14.6

I00 Hz nt linear 8 5.55 5.32 1.00:I:0.98
5.4 kHz n, linear 8 41.52 5.32 1.59 + 0.57
100 Hz 7", logl0 8 26.93 5.32 10.72 + 4.77

5.4 kHz T, linear 8 45.15 5.32 2.83 + 0.97

aThe regression analysis uses either logl0(rate ) or rate as the dependent parameter.

bNumber of degrees of freedom is equal to the number of points used in the regression analysis minus 2.

CRatio of the regression mean square to residual mean square (F test).

dUppe r 5% point of the FI, n distribution.

ORange gives 95% confidence limit.

for burst signals in the 100-Hz-only channel (solid circles) and

the 5.4-kHz channel (open circles), as a function of magnetic

field gradient (the reciprocal of scale length). In plotting the burst

rates we have not smoothed the data, unlike the data shown in

previous figures, because we have performed a least squares

regression analysis, as indicated by the straight lines in the figure.

We also show the error bars for reference and the one burst per

bin count rate. At the left side of the figure the scale length goes

to infinity, while at the right the scale length H a decreases to 20

kin. We see that the burst rates for two types of signals mainly

peak in the small-gradient regions and quickly decrease with

increasing gradient (or decreasing scale length). For the 100-Hz-

only signals, the burst rate is largest for very small gradients (H_

> 50 kin). The 5.4-kHz signals have a similar distribution to the

100-Hz-only signals, with bursts occurring for small gradients,

H a > 50 kin. Thus it is obvious that both types of signals are not

associated with gradients of the magnetic field.

This is further emphasized on consideration of the regression

lines shown in Figure 5. We have used a weighted least squares

analysis [e.g., Pollard, 1977], since the number of samples in

each bin is not uniform. The weight factors, which specify the

relative weight applied to the variance of each point, are given by

N-l, as was used in determining the error bars. Thus much

greater weight is given to the points at the left of the figure. In

performing the regression analysis we used the logl0 of the burst

rate, and so the two points at lower right, which correspond to

zero burst rate, were not included. Table I gives the F test analy-

sis for the regression lines, as well as the slope of the fit. The

regression is significant for both 100-Hz and 5.4-kHz burst rates,

and Figure 5 shows that the wave bursts preferentially occur

when the ambient magnetic field is relatively steady. It should be

noted that while we have used 2-s resolution data, a similar result

is found if we use the higher-resolution magnetic field data.

Figure 6 shows the variations of burst rates in the 100-Hz

channel only (solid circles) and the 5.4-kHz channel (open cir-

cles), versus the reciprocal of scale length of electron density.

The larger error bars on the right of the plot reflect the very low

number of data samples in the steep gradient regions, also indi-

cated by the high 1-count burst rate. In contrast to the magnetic

field gradient dependence, the average burst rates for the two

types of signals increase for steeper gradients (i.e., smaller scale
length, H, < 30 kin). The average 100-Hz-only signal rate gradu-

ally increases by about a factor of 2, from 0.05 per second at

infinite H, to -0.1 per second at H, = 25 kin, although with large

fluctuations. The 5.4-kHz burst rate increases by a factor of 4.

The regression analysis shows that the 5.4-kHz bursts have a

greater dependence on the density gradient. As shown in Table 1,

the fit for the 100-Hz rate is barely significant, whereas the 5.4-

kHz fit is highly significant. Note that the rate was used as the

dependent parameter in specifying the fit, rather than logi0(rate)

as used in Figure 5. The regression lines axe therefore curved

when plotted on a logarithmic scale. It should also be noted that

only -6% of the 100-Hz bursts occur for H, < 50 k.m, as opposed
to -10% for the 5.4-kHz bursts. The fraction of bursts increases

to -19% and 34%, respectively, for H, < 100 kin.

The dependence of the burst rates on the electron temperature

7", gradient shown in Figure 7 is similar to that on the electron

density n,. The average 100-Hz burst rate (solid circles) increases

gradually from 0.05 s -I to 0.2 s -t. The burst rate for the 5.4-kHz

signals (open circles) has an obvious increase from 0.01 s-I to 0.1

s-l when the 7", scale length H r < 50 kin. The F test statistics are

given in Table 1. In terms of percent occurrence, 11% of the 100-

Hz bursts and 21% of the 5.4-kHz bursts occur for temperature

gradient scales H r < 100 kin.

1 I I L I
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Figure 6. The occurrence rates of narrow-band 1000-Hz bursts

(solid circles) and 5.4-kHz bursts (open circles) as a function of

the gradient of n,. Similar in format to Figure 5. The 100-Hz-only

burst rate gradually increases for steeper gradients (H, < 50 km),

but the 5.4-kHz signal rate increase appears to be more

statistically significant. Both fits use the rate rather than

logl0(rate ) as the dependent parameter in the regression analysis,

since this gives a more highly significant fit. The regression lines

are therefore curved when plotted on a logarithmic scale.
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Figure 7. The dependence of the occurrence rate of narrow-band

100-Hz bursts (solid circles) and 5.4-kHz bursts (open circles) on

the gradient of Tt. Similar in format to Figure 5. The dependence

on temperature gradients is similar to that found for density

gradients. Again, a linear fit is used for the 5.4-kHz burst rate,
while the 100-Hz fit is specified by using loglo(rate).

From the analysis presented in this section we conclude that

most signals are not related to local gradients. Both the 100-Hz

and 5.4-kHz waves mainly occur in regions with relatively steady

magnetic fields. Although both the 100-Hz and 5.4-Hz bursts

tend to increase with decreasing density and temperature gradient

scale length, the 5.4-kHz bursts show the stronger dependence.

Thus while a small fraction of the 100-Hz bursts appear to be

associated with density or temperature gradients, most of the sig-

nals are not. They are not lower hybrid waves generated by a

gradient-driven instability.

4. Discussion and Conclusions

Whether VLF burst signals are caused by the lightning or a

gradient-driven instability continues to be a controversial issue.

We find that there is no association of bursts with gradients of the

magnetic field. Two types of signals mainly appear at large scale

lengths (small gradients) in the magnetic field. The 100-Hz burst

rates gradually increase with higher gradients of n, or T,, but the
rate of increase is much less significant than that for the 5.4-kHz

bursts. Roughly 95% of the bursts occur in the lower gradient

(scale length H > 50 kin) regions, although the burst rate is lower

because of larger time spent in these regions. A few bursts appear

in the larger gradient regions, and we do not exclude the possibil-

ity that some burst signals are related to a local pl_sma gradient.

Finding that no wave signals are associated with the gradients of

the magnetic field or plasma would be highly unexpected in such

a variable ionosphere. However, since most of the narrow-band

100-Hz signals observed in the lower ionosphere cannot be gen-

erated by gradients, another source, such as atmospheric light-

ning, or a non-gradient-driven instability, must be involved. With

regard to the 5.4-kHz burst signals, there are higher occurrence

rates related to steeper temperature gradients. In addition, we find

that 5.4-kHz signals mostly appear in the density depressions

with higher elecl_on temperature.

Using the data of OETP, from the anomalies of the high-

resolution volt-ampere curves, Grebowsky et al. [1991] find

many small-scale plasma irregularities in the nightside iono-

sphere. These structures have 0.1 to 2.0-kin spatial scale sizes.
This scale length in the plasma density may have Doppler-shifted

frequency up to 100 Hz in a spacecraft frame moving at 10 km/s.

Huba [1992] suggests that a lower hybrid wave generated by the

gradient-driven instability may cause both electric field and den-

sity fluctuations. This short-wavelength mode is most unstable in

high-field and low-density plasma regions. The density gradient

scale length is a key parameter in the onset of this instability.

Huba [1992] anticipates that a scale length less than 20 lma may

excite this mode. Since the largest drift velocity occurs in the

steepest gradient region, we expect that the lower hybrid drift

instability would be the strongest around the edge of a depres-

sion, instead of at the center of the depression. However, for most

cases of the 100-Hz-only signals, the waves do not appear in the

boundaries of depressions. Because they often occur in the cen-

ters of the magnetic field enhancements and density depressions,

it is likely that the these structures are acting as ducts to guide the

waves.

In summary, through analysis of low-altitude (<300 kin) data
from orbits 471-570 of the Pioneer Venus Orbiter, we find that

the 100-Hz-only burst signals have higher occurrence rates in

magnetic field enhancements and the density depressions. The

5.4-kHz burst activity seems to have no dependence on the vari-

ation of the magnetic field, but there is a higher rate of occur-

rence in electron temperature enhancements. Thus magnetic field
enhancement is a key factor for 100-Hz signals. Temperature

enhancements may be related to 5.4-kHz burst activity, although

which is cause and effect has yet to be determined.

Both 100-Hz-only and 5.4-kHz burst signals are observed in

the region of low magnetic field gradients. There is an indication

that the 5.4-kHz waves occur more frequently for higher gradi-

ents of density and temperature. Although there is a gradual

increase of the burst rate with increasing gradient steepness for

the 100-Hz waves, this is weak. On average, we see that -95% of

the total 100-Hz-only burst signals appear in the small gradient

region (scale length of <50 kin). Thus most 100-Hz narrow-band

signals do not appear to be generated by a local gradient-driven

instability.
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ABSTRACT

The region upstream of a planetary bow shock, known as the foreshock, contains a variety of phenom-
ena. Electrons and ions are reflected and energized at the shock. As these stream back upstream they

generate both VLF and ULF waves. Studies of the terrestrial foreshock have provided most of our
understanding of these phenomena. However, comparisons with other planetary foreshocks are bene-

ficial, even though the instrumentation used to provide the data may be less sophisticated than that flown
on Earth orbiting spacecraft. In particular maps of the VLF emissions upstream of the Venus bow shock,

using data acquired by the Pioneer Venus Orbiter are particularly illuminating. These maps show that the
tangent field line is clearly marked by the presence of plasma oscillations. Of additional interest is evi-
dence that the emissions only extend some 15 Venus radii away from the shock, indicating that the

emissions are controlled by the shock scale size. Lower frequency ion acoustic waves are observed deep

in the ion foreshock. Only close to the shock do both the ion acoustic waves and ULF waves occur
simultaneously. The ULF waves mark the ion foreshock boundary where ion beams should be present.
The ion acoustic waves tend to be observed further downstream, where diffuse ion distributions are

expected to occur. A similar mapping of the terrestrial foreshock, using data from the ISEE-3 spacecraft
shows similar results for the electron foreshock. An extension of this study to include ULF and ion

acoustic waves would be helpful.

INTRODUCTION

Most of our understanding of planetary foreshocks comes from studies of the terrestrial foreshock. A

variety of wave phenomena occur within the foreshock. The electron foreshock is mainly characterized

by electron plasma oscillations/1, 2/that occur very close to the tangent field line, marking the upstream
edge of the electron foreshock. Downstream of the tangent field line, lower frequency VLF waves,
known as "down-shifted" plasma oscillations are observed/3, 4/. Further behind the tangent field-line

there is a region known as the ion foreshock. In this region a variety of ULF waves are observed, as well

as a variety of ion distributions/5/. Ion acoustic waves in the few kHz range are also detected in the ion
foreshock/6, 7/.

As a consequence, the foreshock region upstream of a planetary bow shock (or indeed any shock) can in
some sense be thought of as a large plasma physics laboratory. In this region we can explore questions

concerning particle acceleration at a colUsiontess shock, investigating, if we wish, either electron or ion
acceleration. We can measure and categorize electric field fluctuations in the VLF range, or magnetic

field fluctuations in the ULF range. We can investigate beam-plasma instabilities, again either ion or
electron associated instabilities, and also resonant or non-resonant. We can also explore pitch angle

anisotropy driven instabilities. Such studies can be restricted to the simple linear regime, or investigated

in the fully non-linear regime.

*Now at SRI International, Menlo Park, California 94025, U.S.A.
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What we cannot do, however, is significantly change the scale size of the foreshock. Also, the terrestrial

bow shock is large and most Earth orbiting spacecraft only sample a small region of the foreshock, rela-
tively close to the bow shock. For these reasons, it is worthwhile to study other planetary foreshocks. In

this paper we will mainly discuss observations from the Venus foreshock, using data acquired by the
Pioneer Venus Orbiter (PVO). In particular we will present maps of the electron and ion foreshock, gen-
erated through several hundred passes through the foreshock. With the aid of these maps we will make
some inferences concerning electron acceleration at the bow shock. We will also show that the ULF and
ion acoustic emissions within the ion foreshock are not necessarily co-located, indicating that the ion

acoustic waves are not generated by ion beams, but instead they may be associated with diffuse ion

distributions.

The structure of the paper is as follows: First we briefly review the processes responsible for accelerating

and reflecting particles at the bow shock. We then present some examples of the VLF waves observed in
the Venus foreshock. In the fourth section we show maps of the Venus foreshock, and also some recently

generated maps of the terrestrial foreshock. We conclude with a summary of our results.

PARTICLE ACCELERATION AT A BOW SHOCK

Planetary foreshocks are often distinguished by the presence of both VLF and ULF waves. The fore-
shock boundary is given by the field line that is tangent to the bow shock. Thus the bow shock must be

the principal source of the energetic particles responsible for the waves. A note may be in order here
concerning the role of magnetosheath leakage. The presence of both VLF and ULF waves in the fore-
shock of Venus, where there is no magnetosphere acting as a source for leakage particles, suggests that

shock acceleration and reflection of particles is necessary in order to populate the foreshock region. We

will therefore briefly review some of the processes involved in energizing and reflecting particles at a
bow shock.

In many ways, the energization of electrons is more readily understood than ion reflection, primarily
because under most circumstances the electrons can be treated as magnetized. Thus, they preserve their

magnetic moment. Under these circumstances, electron reflection at the shock is best elucidated through
transformation into the de Hoffman-Teller/8/(HT) frame. In this frame the incoming solar wind flow is

aligned along the magnetic field, and there is no v x B electric field. Thus the only forces acting on a

particle are the cross-shock electric field and the magnetic mirror forces. For an electron which is
reflected by the shock there is consequently no net gain of energy in the HT frame.

The de Hoffman-Teller velocity in the observer's frame (which is assumed to be at rest with respect to

the shock surface) is given by

nX(VoXb)_vo_hcos0vo
VHT= h. n _ v°

(1)

where n is the shock normal, vo is the solar wind velocity in the observer's frame, b is the unit vector

along the magnetic field, 0v, is the angle between the solar wind velocity vector and the shock normal,
and 0bn is the angle between the magnetic field and the shock normal/9/. Taking primed vectors to be
measured in the HT frame, the transformation from shock frame to HT frame is given by v' = v - VHT.

While there is no net energy gain in the HT frame, there is a gain of energy in the shock rest frame. The

solar wind "sees" a magnetic mirror moving with a velocity v0' = v0 cos 0H/cos 0on. Particles are
therefore reflected from this mirror with a velocity given by twice the mirror velocity. This reflection by

a single moving magnetic mirror has been named "Fast Fermi" acceleration/10/. The velocity of the

mirror becomes arbitrarily large as 0bn --'>90", implying that electrons could gain relativistic energies at a

nearly perpendicular shock. However, the magnetic mirror only reflects particles with sufficiently high

pitch angle, outside of the transmission cone (or hyperbola when the cross-shock electric field is taken
into account). As the HT velocity increases, more and more of the incident solar wind electron

population lies within the transmission cone, and the mirror efficiency --->0 as 0DB"--)90" /9/.
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This basic concept of electron acceleration was extended/11/to include the effects of shock curvature.

Shock curvature entered primarily through the variation of the reflected particle energy as a function of
ebn and 0vu. In addition, time-of-flight effects/1/were incorporated into the model, as well as shadowing

of the time-of-fiight trajectories by the bow shock itself. The net effect was to produce ring-beam-like
distributions, time-of-flight resulting in a cut-off at lower parallel velocities, while the Fast Fermi accel-

eration gave a hole at lower pitch angles. On integration over perpendicular velocity this resulted in a
bump-on-tail distribution, which could generate plasma waves.

Implicit in the HT frame transformation is the assumption that the shock can be treated as planar. It

should be noted, however, that in the shock frame there is a motional electric field given by -Vo x B, and
it is this field that provides the free energy for acceleration of the electrons. As such, then, the electrons

must undergo shock-drift acceleration/12, 13/in order to gain energy, performing magnetic field gradi-
ent drifts along the shock surface. Shock-driR acceleration is usually invoked when considering ion

acceleration. The ion Larmor radius is much larger than for electrons, and the assumption of a planar
shock is more easily violated by ions. Moreover, the HT frame is less useful for analyzing ion motion
since ions are unmagnetized in the shock, and so their trajectories in the shock cannot be studied under

the assumption of magnetic moment conservation. Shock-driR acceleration theory follows the exact par-
ticle trajectory, and the assumption of adiabaticity is not required. Fast Fermi acceleration can be con-

sidered to be shock-drift acceleration, but the reverse need not follow/13/, since the assumptions for Fast
Fermi acceleration are more stringent. For sufficiently small radius of curvature shocks, the planar

assumption may be invalid, even for electrons.

Bow shock curvature will affect the Fast Fermi process in two ways. First, near the point of tangency,

where 0b, --->90 °, the area of the shock over which reflection occurs becomes vanishingly small. The net
flux of reflected panicles must also vanish. Second, as noted above, the particles gain energy through
gradient drift along the motional electric field. For a solar wind velocity of 400 kms -l, and an upstream

magnetic field strength of 10 nT, the motional electric field is -- 4 mWm. In drifting along this electric
field in the shock ramp, the particle gains - 25 keV/Re. At the Earth, the bow shock the radius of curva-
ture is of the order 20 1%, and so electrons should be accelerated to high energies before curvature effects

become important. At Venus, on the other hand, the shock radius of curvature is -- 2 Rv (1 Rv = 6052 kin,

1 Re = 6371 km). Shock curvature is consequently more likely to limit the energy gain. Curvature effects
are likely to be even more significant at smaller shocks, such as at Mars. As we shall discuss later, there

is evidence in the VLF data suggesting that shock curvature limits the electron energy gain at the Venus
bow shock.

Ions can also gain energy at a bow shock, through shock-drift acceleration/12, 13/. On the other hand,
ions may be refiectecl without performing any drift along the solar wind electric field, simply undergoing

specular reflection/14/. In general it appears that ions perform both shock-drift acceleration, gaining

energy in the shock rest frame, and also specular reflection, which requires non-conservation of magnetic
moment/5/. These processes result in beam-like distributions of ions, occurring near 0bn = 45 °. Further

downstream, ions are thought to undergo first-order Fermi (or diffusive) acceleration/12, 15/, where
particles scatter off wave turbulence upstream and downstream of the bow shock, or even the shock

itself. The change in solar wind flow speed across the shock gives the relative velocity between the
upstream and downstream wave turbulence.

At present there are two schools of thought concerning the sources and evolution of ions in the fore-
shock. The first/5/is that the field-aligned beams generated through specular reflection and/or shock-

drift acceleration are unstable to waves which cause the beams to form partially filled rings in phase

space, known as intermediate distributions. These distributions then undergo further instability to form
complete rings, known as diffuse distributions. The second/15/is that the diffuse distributions are not

directly related to the field-aligned beams and intermediate distributions, but arise from the diffusive

acceleration occurring in association with the quasi-parallel shock. Although presented here as com-

pletely independent mechanisms, there are points in common. The ULF waves generated by the field-
aligned beams may evolve into the turbulence required for first-order Fermi acceleration. Furthermore,

the intermediate distributions may form a seed plasma population that is subsequently accelerated
through Fermi acceleration.
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In this paper we are primarily interested in comparing VLF wave phenomena at the Earth and Venus. We

will therefore not specifically discuss the role ULF waves play in modifying the ion foresbock distri-
butions. The brief discussion above shows that the ion foreshock is much more complicated than the

electron foreshock. However, we will show that the VLF waves may provide some information, albeit
indirect, concerning the nature of the ion distributions in the foreshock.

VLF EMISSIONS IN PLANETARY FORESHOCKS: VENUS DATA

Wave emissions in planetary foreshocks can be best understood if the wave data are analyzed using the
foreshock geometry shown in Figure 1 (after/16, 17/). Figure 1 applies to the Venus foreshock, but simi-

lar geometries apply to all planetary foreshocks. The figure shows the Interplanetary Magnetic Field
(IMF), solar wind, bow shock, and PVO (the observing spacecraft) in aberrated Venus Solar Orbital

(VSO) coordinates. VSO coordinates are analogous to Geocentric Solar Ecliptic coordinates. The plane
containing the IMF and solar wind is known as the B-v plane, and in Figure 1 we have assumed that both

the observing spacecraft and the center of the planet lie in this plane. We refer to the B-v plane that
passes through the center of the planet as the equatorial plane. In general the observing spacecraft is not
in the equatorial plane, but is in a B-v plane parallel to this. In that case the geometry is still as shown in

Figure 1, except that the point of tangency occurs further downstream on the shock, and the shock shape
as drawn corresponds to the section of the shock in the B-v plane containing the observing spacecraft.

x • , It, XDistance along B

Distance •

Solar Wind

Iz

Aberrated

VSO

X

Y

Tangent Field Line

Fig. 1. Foreshock coordinate system at Venus (after/16, 17/).

When considering particle trajectories in the foreshock, the two principal factors are the velocity along
the magnetic field, and the convection imposed by the solar wind. Thus we consider distance along and
depth behind the tangent field line, as drawn in the figure, to be fundamental parameters. This was first
pointed out in discussions of terrestrial observations/1, 18/. An alternative choice of coordinates would

be the time-of-flight angle (a), and the distance along the time-of-flight trajectory. This coordinate sys-
tem was used in studies of the foreshock at Mars/19, 20/. In addition to the depth and distance, other
parameters of interest are the shock normal direction with respect to the IMF (0b_) at the point where the

field line passing through the spacecraft intersects the bow shock, and the distance from the spacecraft

to the shock along this field line. As drawn in Figure 1 the shock normal lies in the B-v plane, but this is
not generally the case.

To show how the wave emissions in the foreshock are related to foreshock geometry, we plot data
acquired by PVO in Figure 2/16, 17/. Throughout the time interval shown (1 hr 45 min) the spacecraft

was in the solar wind some 5 Rv behind the terminator and about 7 Rv from the Venus-Sun line. The top
four traces in the figure give the wave electric field intensity measured at 30 kHz, 5.4 kHz, 730 Hz and

100 Hz. These are the four wave channels of the Pioneer Venus Orbiter Electric Field Detector (OEFD).
The OEFD was restricted to these four channels because of power, weight, and telemetry constraints
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/21/. However, within the solar wind the instrument was capable of observing plasma oscillations in the

30 kHz channel, whistler-mode waves in the 100 Hz channel, and Doppler-shifted ion acoustic waves at

5.4 kHz and 730 Hz/22/. The OEFD antenna is very short, 0.76 m effective length, and so is susceptible
to interference. This is especially the case when the spacecraft is in the solar wind, where the Debye

length is large (~ 7 m), and the spacecraft is emitting photo-electrons. The 100 Hz channel is usually the
noisiest, but we have applied a noise reduction scheme based on Bayesian statistical methods/23/to the
data. The middle four panels of Figure 2 show the magnetic field in VSO coordinates. The bottom two

panels show the instantaneous depth behind the tangent field line, and the 0bnof the field line connecting
the spacecraR to the shock.
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Fig. 2. Example of VLF emissions observed in the foreshock at Venus (after /16, 17/).

In Figure 2 plasma waves are mainly observed in the 30 kHz channel from 0545 to 0605 UT. We have

defined depth as positive for locations behind the tangent field line, and during this time depth is small
and positive, while 0bn is > 45*. This indicates that the spacecraft is in the electron foreshock. Around

0605 UT there is a rotation in the IMF, and the spacecraft is now further behind the tangent field line. At

0625 UT the spacecraft is in the ion foreshock, since 0b. < 45 °. We find that most of the wave activity
occurs in the 5.4 kHz and 730 Hz channel, with little or no activity at 30 kHz. These waves are probably

Doppler-shifted ion acoustic waves. At the same time, the magnetic field shows considerable variability,
indicative of ULF waves. Just prior to 0630 UT the INff: again rotates, but this time so as to place the

spacecraft upstream of the tangent field line. When the spacecraft is upstream of the tangent line, depth is
negative, and 0b. is not defined. At 0645 UT the IMF changes direction again, and the electron foreshock

briefly sweeps over the spacecraft, giving a burst of 30 kHz noise. After 0650 UT until the end of the

plot the spacecraft is deep within the ion foreshock, upstream of the quasi-parallel bow shock, and the
spacecraft observes intense ion acoustic and ULF waves.

To further assist the mode identification, we have investigated the wave polarization for the 30 kHz
waves for the 10 minute interval indicated by the thick horizontal bar to the left of Figure 2, and for the

5.4 kHz emissions for the 10 minute interval indicated by the bar to the right of Figure 2 (after/16, 17/).
Figure 3 shows the foreshock geometry (a) and polarization plot (b) for the 30 kHz emissions. In a) we

show the equatorial cross-section of the bow shock, as indicated by the dashed curve, together with

cross-section of the bow shock in the B-v plane containing the spacecraft, as indicated by the solid curve.
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The long straight line which is tangent to the bow shock is the tangent field line. The line parallel to this
is the field line passing through the spacecraft. The spacecraft location is indicated by the small dot on

this line. As already discussed, at this time (0547:30 UT) the spacecraft is just behind the tangent field
line, in the electron foreshock. However, the figure shows that the actual shock intersection point is well

beldnd the terminator. In b) we have plotted the logarithm of the wave intensity as a function of antenna
phase with respect to the instantaneous magnetic field, as indicated by the plus symbols. The wave inten-

sity has been scaled so that the maximum intensity observed in the 10 minute interval is given by the
radius of the circle, with the minimum corresponding to the center. The actual range in intensities is

given in the figure. The almost horizontal line shows the direction of maximum variance through the

data points, and we assume that this corresponds to the wave electric field direction. The wave is polar-
ized parallel to the magnetic field, as we expect for plasma oscillations.
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Fig. 3. a) Foreshock geometry and b) 30 kHz polarization plot for waves observed in the elec-
tron foreshock (after/17/).
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Fig. 4. a) Foreshock geometry and b) 5.4 kHz polarization plot for waves observed in the ion
foreshock (after/17/).

In Figure 4 we have performed the same analysis for the 5.4 kHz waves observed towards the end of the

interval plotted in Figure 2. The geometry appears to be very different from that shown in Figure 3, but

the major change is simply a rotation of the B-v plane, so that the spacecraft now lies in the equatorial
plane. Because of this rotation the spacecraft is deep in the foreshock, upstream and close to the quasi-

parallel shock. The polarization plot is sirrdlar in format to Figure 3. There is more scatter in the data

points, but again the wave appears to be polarized parallel to the ambient magnetic field. This sense of
polarization is in accord with some terrestrial studies/6/, although others/7/find that the ion acoustic

waves are obliquely polarized, typically about 40* away from parallel. These apparent differences have

yet to be reconciled. However, the techniques involved in determining the wave polarization are differ-
ent. At Venus/16, 17/, and for the earlier terrestrial studies/6/, the polarization is determined through the

antenna spin phase at which maxima occur in the wave intensity. The later terrestrial studies/7/used
interference patterns on the long ISEE-1 antenna.
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Within the terrestrial ion foreshock the interference pattern of the ion acoustic waves was only observed
in wideband spectra obtained with the longer ISEE-1 antenna (215 m), but was absent from the wide-
band spectra obtained with the ISEE-2 antenna (30 m). Thus the wavelength of the waves is > 30 m, but
< 215 m/71. This conclusion is supported by observations that the wave power spectra are of lower

intensity when measured with the 215 m antenna, in comparison to the 30 m antenna/6/. Interestingly,
an additional comparison using data from both PVO and the AMtrIT_,/CCE spacecraft revealed wave

power levels comparable to the short ISEE-1 antenna power 1171, even though both the PVO and

AMFI'FJCCE antennas were only 0.76 m effective length. This supports the conclusion that the wave-

length of the ion acoustic waves is a few Debye lengths. As noted above, in the solar wind the Debye
length (,Tq) __.7 m, and so k2d _- 1.5, where k is the wave vector = 2rd30.

VLF EMISSIONS AT PLANETARY FORESHOCKS: MAPPINGS

Even though the PVO plasma wave instrument has relatively poor frequency resolution, there are advan-
tages in studying VLF data at Venus. The PVO orbit (period = 24 hr) was much larger than the Venus
obstacle, with apoapsis around 12 Rv. Because of this, the spacecraft spent large amounts of time in the

solar wind, both upstream of the sub-solar bow shock, and also downstream, near the flanks. The PVO

spacecraft was in orbit around Venus for 14 years, and it is possible to carry out large statistical studies.
One study/24/, which used data from some 200 orbits (~ one Venus year), showed the usefulness of

mapping the foreshock with VLF wave data. This was followed by a more extensive study/16/, using
data from a separate 650 orbits. The studies were statistically independent, but had similar results. Some
results of the more extensive study are given in Figure 5.

In order to create the maps shown in Figure 5 the data have been restricted to IMF orientations within

+ 10" of the nominal Parker spiral angle, which is 35" at Venus. The method used to create the maps/16,

24/requires that the depth and distance with respect to the point of tangency (Figure 1) of each sample in
the data set be computed using the instantaneous IMF. The depth and distance are then converted back to
Cartesian coordinates with origin at the point of tangency using the nominal (35") IMF orientation, rather

than the instantaneous direction, so as to prevent "smearing" of the tangent field line. Finally all the data,

which come from different B-v planes, are mapped to the equatorial plane, using the point of tangency as
the reference point. The data are then accumulated in 1 x 1 Rv bins. Although this mapping mixes sub-
solar (equatorial) and flank intersections, this does not drastically alter the statistical results/16/.

When determining the depth and distance we not only use the instantaneous IMF, but also use a bow
shock whose size has been scaled to the observed shock crossings for each orbit. The shock model is a
conic of revolution given by

R = L (2)
1 + e cos Osz

where R is radial distance from the focus, L is the semi latus rectum, e is the eccentricity, and Oszis the
solar zenith angle with respect to the focus. In modifying the bow shock it is preferable to change L, and

keep e and the focus fixed/25/. This is because the size of the shock close to the planet is specified by L,

and it is this size that changes in response to changes in the solar wind. The focus is determined mainly
by the obstacle itself, while e specifies the shape. We have used e = 1.03, and the focus at 0.45 R_ sun-

ward of the planet/26/to specify the shock in (2).

The panel at the top left of Figure 5 shows the 9th decile of 30 kHz wave intensity, with the color scale

giving the loglo of the wave intensity. The data were accumulated in 1 x 1 R_ bins, but we have inter-

polated the data in generating the maps. The small black dot is the point of tangency. At the bottom left
of the figure we show the data coverage, and throughout most of the distlibution we have over 100 sam-

ples per bin. We have superimposed the reference shock model on this plot, given by L = 1.69 R_/17,

27/. It is clear from Figure 5 that the most intense of the 30 kHz emissions lie on the tangent field line,

but these emissions only reach a maximum a few Rv away from the point of tangency. More importantly,
however, there is a marked decrease in wave intensity some 15 Rv upstream of the point of tangency. We
shall return to this point when we discuss terrestrial results.
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Besides data from the electron foreshock, Figure 5 shows data from the ion foreshock, as shown in the

two right hand panels. The panel at top right shows data from the 5.4 kHz channel, while the panel at
bottom right shows the standard deviation of the trace of the magnetic field, using 24 s intervals. This

deviation is used as a proxy for the presence of ULF waves. The reference bow shock is super-imposed
on both these panels, together with the tangent field line, and a model of the ULF foreshock boundary.
The ULF foreshock boundary was determined from terrestrial studies/28/, but modified for the nominal

Parker spiral at Venus/17/. As noted above, ion acoustic waves are detected in the 5.4 kHz channel, and

Figure 5 shows that the most intense ion acoustic waves occur close to the bow shock, extending out into
the ion foreshock. However, the 5.4 kHz waves appear to be confined to locations well downstream of

the ULF foreshock boundary. By way of contrast, the model ULF foreshock boundary does appear to
mark the upstream extent of the ULF waves. Figure 5 therefore implies that the apparent association of

ion acoustic and ULF waves, seen in Figure 2, may be suspect. Both emissions may only be present at.
the same time when the spacecraft is close to the shock, which is the case for the data in Figure 2, as

indicated in the foreshock geometry shown in Figure 4. Also the VLF waves do not appear to be
observed in the region close to the ULF foreshock were ion beams are expected to occur. However, it is
not clear that the results shown in Figure 5, at Venus, apply to the ion foreshock at the Earth. The smaller

shock size at Venus will tend to reduce the Fermi and shock-drift acceleration. Additionally, there is no

magnetosphere at Venus, and so there is no reservoir of energetic particles that can leak upstream.
Consequently similar mappings of the terrestrial foreshock would be beneficial in determining those
features that are specific to Venus, and those which are generally applicable to planetary foreshocks.

Most of the plasma wave data from the terrestrial foreshock were acquired by the ISEE-1 and -2 space-
craft. Unfortunately these spacecraft tended to sample mainly the sub-solar bow shock and foreshock.

The ISEE-3 spacecraft, however, did pass through the foreshock sufficiently far from the Earth to permit
maps of the VLF emissions to be generated. These passes occurred during the interval in which ISEE-3

was making deep tail passes prior to being sent on an encounter trajectory to Comet Giacobinl-Zinner.
Results of the foreshock mappings are shown in Figure 6/29/. The panel at upper left of Figure 6 shows

the number of samples on a logarithmic scale. The samples are taken from two passes through the fore-

shock, one from September 25 to October 1, 1983, the second from December 22 to 27, 1983. In generat-
ing the data base, 360 s averages of the magnetic field (from the Jet Propulsion Laboratory magneto-
meter) are used to determine the foreshock geometry, with the peak intensity per 360 s sample for each

channel of the wave instrument being used to characterize the wave emission spectra. Because of the
relative paucity of the data, no restriction on the orientation of the IMF is applied to the data, but the
maps are drawn using the nominal terrestrial Parker spiral angle (45*). In addition, while the bins in the

maps are spaced at 10 Re intervals, the data are accumulated over 20 × 20 Re bins, centered on each 10
Re grid point.

Unlike the PVO instrument, the ISEE-3 wave instrument has relatively high frequency resolution, with
four channels per decade of frequency. The channels of interest for this discussion are the 10-, 17-, 31-,

and 56-kHz channels. With this frequency resolution, it is possible to use the observed solar wind density

(from the Los Alamos National Laboratory electron detector) to determine the local electron plasma fre-

quency and so make a virtual wave detector, with frequencies related to the electron plasma frequency.
This is done by assigning the wave amplitude in the channel whose center frequency lies closest to the

plasma frequency (on a log scale) to the "fpe-channel". Wave amplitudes from adjacent channels are
assigned to the sub- and super-f_-channels. The foreshock maps for these virtual channels are shown in
Figure 6.

The fro-channel is shown at the lower left of Figure 6, with the color scale indicating the log10 of the
wave amplitude in V/m. The area covered is much lower than in the coverage map, but this is because

the 9th decile is not well determined for less than 10 samples. Although less well sampled, there are

remarkable similarities between the foreshock maps at the lower left of Figure 6 and the upper left of
Figure 5. First, the most intense plasma frequency emissions occur on the tangent field line. Second, the

wave intensity peaks some distance away from the point of tangency. Third, the wave emissions

upstream of the terrestrial bow shock do not appear to show any decrease up to the edge of the map,

extending for distances that are several times the bow shock scale size. Although there is an order of
magnitude difference in the absolute scales, the two maps look very similar as drawn, scaled relative to
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the bow shock. Thus the drop-off in wave intensity found for the Venus foreshock indicates that the

wave emissions are controlled by the bow shock scale size, rather than by some property of the plasma

instability itself. In the absence of other geometrical effects, it is usually expected that the spatial extent
of the waves is controlled through growth and saturation scales that would be more likely to depend on

ambient plasma parameters (e.g., convective growth scales). Since the solar wind at the Earth and Venus
are very similar, such scales are comparable. That the cut-off in electron foreshock emissions is con-

trolled by the bow shock scale size is consistent with shock curvature limits to the effectiveness of Fast
Fermi acceleration as discussed earlier.

The panels at the fight of Figure 6 show the wave amplitudes for the two virtual channels adjacent to the

plasma frequency. The super-fp_-channel, at upper right, shows wave emissions at the bow shock, as one

might expect because of the enhanced wave noise at the shock. The sub-frc-charmel, at lower right shows
some emissions at the shock, but also additional wave noise downstream of the tangent field line. These

emissions are much weaker than the plasma frequency emissions. We attribute the sub-fp_ emissions to
"down-shifted" plasma oscillations/3, 4/. The "down-shifted" plasma oscillations typically have ampli-
tudes of the order 100 IxV/m, while the plasma oscillations at the tangent field line have amplitudes of a

few mV/m/31, which is consistent with the relative amplitudes shown in Figure 6.

The relative weakness of the down-shifted plasma oscillations also indicates why the PVO maps show
no evidence of these waves. The background colors in Figure 5 correspond to the ambient noise level of

the PVO instrument. At 30 kHz (the channel most likely to detect down-shifted plasma oscillations) this
level corresponds to ~ 5 × 10-13 VZ/m2/I-Iz. The peak intensity of the plasma oscillations at the tangent
field line is ~ 5 × 10-l° V2/m2/Hz. Since the down-shifted plasma oscillations are at least an order of

magnitude lower in amplitude than the plasma oscillations at the tangent field line, the down-shifted

plasma oscillations are close to the PVO instrument background. The Galileo spacecraft flew by Venus
in 1990, and the more sensitive plasma wave instrument on this spacecraft detected down-shifted plasma
oscillations. The frequency of the emissions depended on depth in a manner very similar to the terrestrial
observations/30/.

SUMMARY AND CONCLUSIONS

Particles are reflected and energized at a planetary bow shock, flowing upstream to form a region known
as the foreshock. The energization processes include "Fast Fermi" (or electron shock-drift) acceleration

for the electrons, shock-drift acceleration and specular reflection for the ion beams, and first order Fermi

acceleration as a source of diffuse energetic ions upstream of the quasi-parallel shock. These foreshock

distributions generate a variety of VLF and ULF waves.

The electrons generate plasma oscillations on the tangent field line, while further downstream they cause

"down-shifted" plasma oscillations. Maps of the plasma frequency emission indicate that there is a finite
extent to the tangent field line emissions. We have interpreted this as indicating that the shock scale size

controls the energization process. The larger the radius of curvature of the shock, the further along the

tangent field line we expect the emissions to occur. This may have implications for foreshock emissions

at the outer planets (including Mars), where a variety of shock scale sizes are found, and even for inter-

planetary shocks, which are much more planar.

The ion foreshock is quite complicated. The maps of the ion foreshock at Venus suggest that the ion

acoustic waves are generated some distance downstream of the ion foreshock boundary. The VLF waves

appear to be confined to that region where one might expect to find diffuse ion distributions. Previously
/31/, ion beam instabilities have been invoked to explain the VLF waves, but this implies that the waves

should occur near the ion foreshock boundary where the ion beams occur. Unfortunately the solar wind
instrument on board PVO was not designed to provide detailed ion distribution function data, and so we

cannot perform direct comparisons between the waves and the ions. Also, the results shown in Figure 5

may only apply to Venus, and extensions of the study shown in Figure 6 to include both ion acoustic and

ULF waves would be particularly beneficial. If similar results were to be found for the Earth, then there

is the additional implication that the ion acoustic waves are tracers for diffuse distributions, as opposed
to ion beam distributions. This inference is highly speculative, and further study is clearly required.
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ABSTRACT

We review our current knowledge of ULF waves in planetary foreshocks. Most of this knowledge comes
from observations taken within a few Earth radii of the terrestrial bow shock. Terrestrial foreshock ULF

waves can be divided into three types, large amplitude low frequency waves (~ 30-s period), upstream

propagating whistlers (1-Hz waves), and 3-s waves. The 30-s waves are apparently generated by back-
streaming ion beams, while the 1-Hz waves are generated at the bow shock. The source of the 3-s waves

has yet to be determined. In addition to issues concerning the source of ULF waves in the foreshock, the
waves present a number of challenges, both in terms of data acquisition, and comparison with theory. The
various waves have different coherence scales, from - 100 km to - 1 Earth radius. Thus multi-spacecraft

separation strategies must be tailored to the phenomenon of interest. From a theoretical point of view, the
ULF waves are observed in a plasma in which the thermal pressure is comparable to the magnetic pressure,
and the rest-frame wave frequency can be a moderate fraction of the proton gyro-frequency. This requires

the use of kinetic plasma wave dispersion relations, rather than multi-fluid MHD. Lastly, and perhaps most

significantly, ULF waves are used to probe the ambient plasma, with inferences being drawn concerning

the types of energetic ion distributions within the foreshock. However, since most of the data were
acquired close to the bow shock, the properties of the more distant foreshock have to be deduced mainly

through extrapolation of the near-shock results. A general understanding of the wave and plasma popu-
lations within the foreshock, their interrelation, and evolution, requires additional data from the more dis-

tant foreshock.

INTRODUCTION

Ultra low frequency (ULF) magnetic perturbations consist of waves, wave packets, pulses, and any com-

binations of these, with periods or durations from 1 to 300s, and small to large amplitudes of 0.1 to 100

nT. They are conspicuous constituents of the interactions between the solar wind (SW) and known plane-

tary magnetospheres and ionospheres, including Earth' s. ULF waves are observed in the many different

regions: the solar wind, foreshock, shock, magnetosheath, magnetopause, and magnetosphere. The waves
participate in the phenomenology of wave-particle interactions, as either cause or effect. They are involved

in particle thermalization and energization, wave generation, and the transmission of wave energy from one

region to another. In the following sections we present an overview of the status of ULF activity in the
foreshock, summaries of the best researched properties of the known ULF foreshock, implications from

them about the less studied global foreshock, and a few conclusions and recommendations for future

investigation.

OVERVIEW

Our knowledge and deductions of ULF phenomenology in the Earth's foreshock have been acquired from

both knowledge and theory on two interrelated levels: plasma microphysics on scales of wavelengths and

_Retired
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growth rates; and global charting on scales of planetary radii. For regions in which detailed observations
have been made, our understanding of local and global wave characteristics is proficient, if not entirely

complete, because the observations have been used to inspire and validate theoretical calculations and
numerical simulations that explain the physics underlying the observed wave phenomenology. For some

regions theoretical constructs have been extrapolated from known results but remain unconfirmed because
observations have been absent or minimal and measurements at some or all levels of detail are lacking. In

yet other regions, large scale patterns of ULF or other activity observed with limited instrumentation sug -
gest extrapolations to detailed microphysics but remain unexplained because they demand theoretical treat-

ments not yet developed or numerical experiments not yet accomplished. Future progress, especially under
conditions of restricted support rests on an overall picture of where these various regions lie.
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Fig. 1. Schematic of the Earth's bow shock and foreshock regions. The figure also shows the

regions sampled by various spacecraft°

Figure 1 offers a rough guide to the state of our knowledge of global ULF in Earth's foreshock, defining

regions according to whether and how they are defined by spacecraft observations or by extrapolations
from observation. The smaller circle of radius 22 Earth radii (Re) surrounding the Earth and penetrating the

average bow shock represents the approximate apogee of ISEE 1 and 2 as these satellites precessed in their

elliptical orbits around the Earth for several years. The pair of spacecraft were well instrumented for field
and directional charged particle measurements over a wide spectrum of energies, although not every detec-

tor survived the entire life of the project. The area inside the ISEE 1,2 circle may be thought of as defining

the region in which the plasma envelope has been sampled by many spacecraft, including Explorers, OGO
5, and A.MPTE, at length and in detail to supply most of the existing observational contributions to both the

macro- and microphysics of ULF phenomena in the natural extraterrestrial environment.

The larger circle represents the approximate trajectory of IMP 8, a long lived satellite in a nearly circular
orbit of radius about half the distance of the moon. IMP 8 was not equipped with as sophisticated a com-

plement of particle experiments as were ISEE and other spacecraft, but it has provided a long record of
magnetic field measurements with ample resolution for detecting ULF activity, thereby extending the

region of wave recording, and certainly the macroscopic chart, a moderate distance beyond the inner circle.
The trajectory segment of the ICE spacecraft (formerly ISEE 3) on its way from a few Earth-gravity-
assisted orbits to rendezvous with a comet, is included to emphasize how scarce observations have been in

the distant downwind foreshocks outside the IMP 8 territory. The regions marked electron foreshock and

ion/ULF foreshock in Figure 1 are, with few exceptions, enlightened extrapolations informed by mea-
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surements at or inside the ISEE 1,2 circle. We shall return to a discussion of what we think we know about

these extended regions after a description of what we do know witldn the inner circle.

MORPHOLOGY OF THE KNOWN FORESHOCK REGION

Upstream waves were discovered more than two decades ago/1, 2/. Based on our present understanding
of the repeatedly studied inner foreshock region, we have developed a picture of its morphology. In that

picture, wave and particle phenomena upstream from the shock arise from kinetic effects occurring in the
shock transition region/3, 4, 5, 6, 7/. These effects include: reflection, shock drift acceleration, particle
scattering (heating), and first order Fermi acceleration. The effectiveness of the above mechanisms as well
as the characteristics of the backstreaming populations (at the shock) are strongly dependent on the direc-

tion of the shock normal relative to the plasma flow and the interplanetary magnetic field (IMF) orientation.

Upstream from the Earth's bow shock, we can divide the unshocked plasma into two regions, one magnet-
ically unconnected where no IMF lines connect to or cross the shock, and one the so-called magnetic fore-

shock region where all IMF lines are connected to the bow shock. The IMF lines tangent to the bow shock
form the boundary between those two regions. The superposition of the upstream motion along the mag -
netic field line and the convection associated with the interplanetary electric field, results in the formation of
electron and ion foreshocks within the region of unshocked solar wind connected to the bow shock.

Because of the finite velocity of these backstreaming particles and the convection associated with the inter-

planetary electric field, the electron and proton foreshocks do not fill the entire magnetically connected

region, nor are they fully coincident.

t--
¢.-

v

LL

.O

t-
¢33
t_

4
Bx 2

0
0

By -2
-4

Bz 2
0

IBI

(a)

Bx

By

Bz

IBI

Upstream ULF Waves - ISEE Observations

One-Hz Waves

_ ' • I _ " = ' " I " -
J

4 -

2

0 , , , f i n • I

0148 0150 0152

October 8, 1978

Three-Second Waves

..................., IIIIL, ....
........... ' "lVl|""" ""'"

i I i I I ' I

0720

4
0

0716 0718

(d) November4, 1979

Sinusoidal Waves

0 I ' " I "
-3
-6
6

0 -

0 - - - -

-3 -

8_
3-
0 , , , I , , , I ,

2053 2055 2057

(b) September 11, 1978

Shocklets and Discrete Wave Packets

0 ' ' '-3

-6

0

-a:" _ N v I =

.3° F r v" r--

0 ' I , , , I , • I

1349 1351 1353

(c) December 28, 1986

Fig. 2. Observations of different types of ULF waves in the Earth's foreshock region.

(a) Upstream propagating whistlers (one-Hz waves); (b) Nearly sinusoidal waves near 30 seconds;

(c) Shocklets and discrete wave packets; and (d) 3hree-second waves.

The electron foreshock boundary is defined by the fastest electrons accelerated along the tangent magnetic

field lines. Since the convection velocity is small compared to the typical velocity of escaping electrons
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(which can be many times their thermal velocity), the electron foreshock boundary is only slightly dis-
placed downwind from (behind) the IMF tangent lines by the E x B force on the electrons in the Earth's

frame of Figure 1. In the electron foreshock, VLF activity and an electromagnetic mode at ULF frequencies
has been identified, the so-called upstream propagating whistlers (or "one-Hertz" waves)/8, 9, 10, 11/.
Figure 2a shows an example of this type of wave signal.

The ion foreshock boundary in contrast appears to be defined by position-dependent acceleration processes
that do not cause protons to move upslream (in the shock frame) until some distance downstream of lhe

electron foreshock. Thus, the ion foreshock boundary is located much deeper in the magnetic foreshock,

beginning close to the region called the quasi-parallel part of the bow shock. In the ion foreshock region,
several types of waves in the ULF frequencies have been observed. When the IMF cone angle is moderate

(0By > 40"), the ULF wave foreshock boundary has been found to correspond to the trajectory of back-
streaming ions with a streaming velocity of ~ 1.4V_ along the IMF in the Earth's frame and a source point
at ~ 50" OBn /12, 13/. Among the ULF waves in the ion foreshock, the most frequently observed are the

large amplitude waves with periods near 30 seconds/1, 10/. The waveforms of 30-s waves vary from

nearly sinusoidal and transverse (e.g., Figure 2b) to highly compressional and steepening, the so-called
shocldets (e.g., Figure 2c). Discrete wave packets, which have higher frequency, are often associated with

the steepening edges of the shocklets/8/. Recently, a new type of ULF wave with period near 3 seconds
was also observed associated with high-fl solar wind plasma, as shown in Figure 2d/14/(fl is the ratio of
thermal to magnetic energy density).
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Fig. 3. Variation of upstream waves in the foreshock. The left panel shows the ISEE trajectory in
the V-B plane on September 4, 1983 when the IMF cone angle was nearly constant over an

extended time period. The right panels are magnetic field observations 115/.

It is commonly known that the properties of upstream waves and particles are position dependent. Figure 3
shows an example of evolution of large amplitude ULF waves in the foreshock region for a long period of

steady IMF cone angle and solar wind condition/15/. Under these conditions, the foreshock boundary was

steady and any change in wave properties was primarily related to the changing spacecraft location in the
foreshock geometry. In this example, the ULF waves change their forms to highly irregular and become

stronger, more compressional and more linearly polarized deep into the foreshock. The peak of the ULF
power spectrum became broader when the spacecraft was further downstream from the foreshock bound-
ary, as illustrated in Figure 4.
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Large Amplitu0e Waves (30-Seconds Waves)

The most studied waves in the foreshock are the low frequency waves at periods near 30 seconds upstream
from the Earth's shock. Their amplitudes can be as large as the background magnetic field strength (SB/B ~

100%). The waves are most monochromatic near the foreshock boundary and become broadband in the
form of steepened "shocklets" and evolved with the depth behind the foreshock boundary/10, 15/. The

waves are strongly compressional deep in the foreshock region. Their existence in front of the bow shock

is particularly important to the Earth's magnetosphere since they modify both the solar wind and the turbu-
lence spectrum convected downstream to the magnetopause. The compressional waves cause significant
density fluctuations, and thus dynamic pressure fluctuations in the unshocked solar wind. The density and

dynamic pressure fluctuations can be ~ 20% of the background solar wind value/16/. These waves have
long been regarded as one of major sources of ULF waves in the magnetosphere. However, power spectra

of these waves have limited bandwidth 117L The enhanced ULF wave power has a clear low-frequency
cutoff near 5 mHz, below which the power spectra are similar in the undisturbed solar wind and in the

foreshock. Thus, large-amplitude waves in the foreshock can be directly responsible for only a fraction of

the waves in the magnetosphere.
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Fig. 4. Evolution of power spectra in the
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/15/.

Fig. 5. Variation in amplitude of upstream
propagating whistlers (one-Hz waves) with
distance from the shock measured along the

magnetic field line/271.

Compressional 30-s waves exhibit both left-handed and fight-handed polarization in the spacecraft frame,
while the nearly sinusoidal waves are always left-handed in the spacecraft frame. The left-handed and

right-handed compressional waves are similar in form, frequency and wavelength/10/. Several mecha-
nisms related to the electromagnetic ion/ion instabilities have been proposed for the generation of these

waves (see/18/for a review). It is in general agreement that the nearly sinusoidal waves are generated by
the Doppler-shifted ion/ion resonant instability, in which the right-handed polarized waves resonate with

the backstreaming ion beams/19, 20/. This instability generates right-handed waves propagating upstream
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in the solar wind frame, and thus observed as left-handed waves in the spacecraft frame when they are
convected downstream. This instability is not so successful for the compressional waves, since it can only
explain left-handed compressional waves. For the right-handed compressional waves two mechanisms

have been proposed, the non-resonant firehose instability/21/produced by fast and dense backstreaming
ion beams and the left-handed Alfvdn/ion resonant instability produced by extremely hot backstreaming

ions/22/. The first instability generates right-handed magnetosonic waves propagating downstream in the
solar wind frame; the second generates left-handed Alfvdn waves propagating upstream in the solar wind
frame. In both cases, the waves will be right-handed in the spacecraft frame. However, this is still con-

jecture. No effort has been made to identify the intrinsic wave mode of these waves and to examine the

backstreaming ions associated with them. No one has examined the correlation between the wave handed-
hess and the density, velocity, and temperature of the backstreaming ions. Despite the many theoretical
treatments of these waves there is much we do not know. For example, polarization of these waves has

been found to be a function of their amplitude/23, 16/. Although we still do not understand this obser-

vation, it may be an important clue to the underlying instabilities.

Upstream Prooauatin_ Whistlers (1-Hz Waves)

The waves which we now call "upstream propagating whistlers" were discovered in the Earth's foreshock

by Russell et al./8/and characterized in detail by Fairfield/9/. Fairfield correctly identified them as whistler
mode waves propagating upstream against the solar wind flow with a phase speed generally less than that

of the solar wind, but with a group velocity greater than that of the solar wind so that the wave energy
could propagate upstream. Hoppe et al. /10/ also noted the waves in ISEE 1 and 2 data but preferred to

interpret the waves in terms of a local instability. By a detailed investigation of the magnetic fields associ -

ated with upstream field aligned beams, Hoppe et al. /11/ found that the beam presence was not a sufficient
condition for the observation of these waves, although these waves are often observed in association with

the ion beams. At the same time they determined the intrinsic properties of the waves by using simulta-
neous magnetometer data from ISEE 1 and 2. Their results showed that these waves were obliquely propa-

gating whistler modes, with frequencies - 20--100 ff2p, where _2p is the proton gyrofrequency, and wave-
length - 100 km in the plasma rest frame.

The source of these waves has been controversial. Fairfield/9/first suggested that these waves originate at

the shock and propagate upstream. Later, locally generation in the foreshock by electron beams was also

proposed/24, 25/. Feldman et al. /24/ showed a correlation between 1 Hz waves and backstreaming inter-
mediate energy electrons at times when magnetic field lines connect to the bow shock. These back-

streaming electrons make a positive slope in the observed electron distribution function. Sentman et al./25/

found that this kind of distribution is unstable to an oblique whistler mode.

Recent studies of waves in other planetary foreshocks strongly favor the shock generation mechanism/26,

27/. Upstream propagating whistler waves are also seen in planetary foreshocks. They were first reported

at Mercury/28/, and more recently they have been observed in the Venus foreshock 1261. These waves
have similar amplitudes at all three planets and an interesting variation in polarization. The waves are

observed to be always left-handed at the Mercury, mostly left-handed at Venus and about half the time left-

handed at Earth. We can explain this in term of the varying spiral angle of the IMF. At Venus, the wave
amplitude decreases with distance from the shock with about a 10 Rv scale length 1271 as shown in Figure

5. Another very important aspect of these waves has been deduced from the planetary data. The largest

wave length of these waves is approximately the thickness of the bow shock 129/. This is more evidence

for the shock generation of these waves.

Three-Second Waves

A new class of ULF waves upstream from the Earth's bow shock has been recently discovered in the ISEE

magnetometer data/14/. There waves are observed in the upstream region only when the interplanetary

magnetic field intersects the bow shock, in both quasi-parallel (QII) and quasi-perpendicular (Q_l_)shock

geometries. These waves are observed when solar wind plasma/3 is high. They are always right-handed
and nearly circular polarized in the spacecraft frame. The direction of the waves vectors are in the general

direction of the background magnetic field, and the waves are convected downstream. To identify the wave
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mode and intrinsic polarization in the plasma rest frame, observed waves properUes have been compared
with the two-fluid warm plasma dispersion relation/30, 14/. It is found that two out of the three modes in a
warm plasma match observed wave properties from the two-fluid theory, but the intrinsic wave mode can

not be determined unambiguously. For all of the cases, the wave properties match the prediction of left-
handed ion cyclotron waves under the assumption that the waves are propagating upstream in the solar

wind frame. If these waves are indeed the ion cyclotron waves, the plasma rest frame frequency are esti-
mated around 1/3 of the ion cyclotron frequency. However, recent work/31/shows that the wave disper-

sion relation from linear kinetic theory is significantly different from the two-fluid theory for a high-fl

plasma, or for frequencies approaching the ion gyro-frequency. The two-fluid theory is therefore not a

good approximation for the study of the 3-second waves, but a kinetic approach to mode identification has
yet to be performed.

The free energy source of 3-second waves is presently a complete mystery. The backstreaming ions seem
not to be the cause of these waves because the waves can occur when the backstreaming ions are com-

pletely absent. If these waves are ion cyclotron waves propagating upstream, the backstreaming ions can
not satisfy resonance condition with left-handed waves propagating in me same direction. Only back-

streaming electrons can resonate with these waves. However, the resonant condition requires streaming

energies of tens of keV to a few hundred keV for the backstreaming electrons. It is unknown if such high
energy backstreaming electrons exist deep into the foreshock. We also do not know if temperature

anisotropies can be a possible source of the waves.
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Fig. 6. Correlation coefficients of upstream ULF waves simultaneously observed by ISEE 1 and 2
as a function of spacecraft separation perpendicular to the solar wind flow. (a) Large-amplitude 30-

see waves; (b) Nearly monochromatic 30-sec waves; (c) Upstream propagating whistlers near one-
Hz/32/.

COHERENCE LENGTHS OF ULF WAVES

Recently/32/, the simultaneous magnetic field data from the dual ISEE spacecraft were used to study the
coherence lengths of upstream ULF waves. The cross-correlation between ISEE 1 and 2 observations were

examined for different spacecraft separations and it was found that the coherence length varies with differ-
ent types of ULF waves. The coherence length is related to the bandwidth of the power spectra and the

wavelength as expected from the theory. For the large-amplitude ULF waves with periods near 30 seconds

and wavelength close to 1 Re, the coherence length is of the order of 1 Re transverse to the solar wind

flow, as shown in Figure 6a. For nearly monochromatic ULF waves with periods near 3 seconds, the

coherence length is found to be equal to several wavelengths, again equaling about 1 Re (Figure 6b).
However for the much shorter wavelength upstream propagating whistler waves, the coherence length is -

100 km (Figure 6c). While all these coherence lengths are consistent with that estimated from the band-

width, we see that the coherence length in kilometers varies markedly for different wave phenomena.
Thus, a variety of different separations are needed to study the various wave phenomena in the upstream
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region. In order to determine the properties of a wave phenomenon one needs to see the same wave with
high coherence at all spacecraft. Large-amplitude waves near 30 s and 3-second waves can be studied with

moderately large separations (> 1000 kin), but studies of upstream propagating whistlers near 1-Hz require

spacecraft to be spaced rather closely, at < 100 kin.

KINETIC THEORY VERSUS HALL-MHD

In recent years it has become increasingly obvious that the dispersion relation of ULF waves is not ade-

quately described by either single-fluid or two-fiuid MHD 133/. This statement not only applies to the wave

dispersion, but also the associated wave field properties, such as compressibility, polarization etc. Two-
fluid (or Hall) MHD treats both the ions and electrons as fluids/34/, whereas single-fluid MHD combines
both electrons and ions into one fluid. While two-fluid may be more descriptive, the dispersion relation is

more often referred to as Hall-MHD, and we will also use that name. Hall-MHD was extended to moderate

fl/351, and the theory was thought to be appropriate for ULF waves. However, as noted above, this does
not appear to be the case, and a fully kinetic dispersion relation is required to adequately describe the wave

dispersion and mode properties.

Krauss-Varban et al. /31/ have recently presented an extensive discussion of the differences between Hall-

MHD and kinetic dispersion relations. As a result of their analysis, they have proposed a new naming con-
vention for the wave modes. This is shown in Figure 7, where both HalI-MHD and kinetic dispersion

curves are shown. The curves are plotted for propagation at 30" with respect to the ambient magnetic field.

The panel at top left of Figure 7 shows dispersion curves for low t, using Hall-MHD, and we see the

classical dispersion properties. The wave modes are named after their respective phase speeds: Fast (F),

Intermediate (I), and Slow (S).

The panel at top right shows the dispersion curves for the same t, using kinetic (or Vlasov) theory. At low
frequencies the dispersion curves look very similar, but as the wave frequency approaches the ion gyro-

frequency the Intermediate and Slow mode dispersion curves cross. Thus at higher wave number the Slow
mode is faster than the Intermediate mode! Hence Krauss-Varban etal. propose the modified naming con-

vention: Fast/Magnetosonic (F/MS), Alfv6n/Ion Cyclotron (A/IC), and Slow/Sound (S/SO). This naming
convention retains some connection with the HalI-MHD naming convention, applicable for low fl and low

frequency, but also describes more completely the dispersive properties of the wave. In particular it is the
Alfv6n/Ion Cyclotron wave that encounters the ion gyro-resonance, not the Slow/Sound wave. The differ-
ences between Hall-MHD and kinetic theory are even more marked for higher t, as shown in the bottom

two panels of Figure 7. In these panels there is no commonality in the dispersion curves, even at low

frequency.

In addition to the dispersive properties of the waves, the polarization, compressibility, etc., are markedly

different in Hall-MHD and kinetic theory/31/. This was further demonstrated through direct comparison

with magnetic field data acquired by the Pioneer Venus Orbiter/36/. The comparison in/36/was made

using small amplitude ULF waves with frequency - 0.1 Hz. These waves were chosen since terrestrial

studies (see, e.g.,/30/) show that the waves are intrinsically right-hand polarized in the plasma frame,

propagating upstream. However, the waves are observed to be left-hand polarized in the spacecraft because
of Doppler-shift by the solar wind. Although comparison with theory requires the assumption that the
waves are right-handed and propagating upstream, minimum variance analysis yields the direction of the
wave vector (the 180* ambiguity is removed through the assumption of upstream propagation). Since the

propagation direction is known, as well as the ambient plasma conditions, and the frequency in the
observer's frame, it is possible to cmry out direct comparison between data and theory. Two specific

parameters were compared in/36/, the magnetic polarization, and the magnetic compression ratio. The
results of this comparison are summarized in Figure 8.

The top row of Figure 8 shows, from left to right, the magnetic polarization for Fast/Magnetosonic mode
from kinetic theory, the Fast mode from Hall-MHD, and the Intermediate mode from Hall-MHD. In each

case the abscissa shows the observed polarization (assumed to be right-handed, hence restricted to the

range 0 to 1), while the ordinate shows the theoretical prediction. If the theory and data match the points

will lie along a line of unit slope. The dashed lines are least squares fits to the points. The bottom row
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compares the magnetic compression ratio. Again a unit slope indicates a good match. While some points
show agreement in the comparison with HalI-MHD, the figure indicates that kinetic theory better represents
the data. The remarkable consistency with kinetic theory found in/36/, where the data are also compared as
a function of/5 and propagation angle strongly supports the use of kinetic theory, rather than HalI-MHD, in

analyzing ULF foreshock waves.
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THE MACROSCOPIC PERSPECTIVE

0b_ervations

The extended regions marked electron foreshock and ion/ULF foreshock in Figure 1 are, with few excep-
tions, enlightened extrapolations informed by measurements at or inside the ISEE 1,2 circle. There are,

however, two completely certifiable entities at great distance from the Earth. These are, first, the straight

line representing the electron foreshock boundary and, second, known streams of energetic protons travel-
ing upstream within the iordULF region. The electron line, actually a surface in real three dimensional

space, has been observed by energetic-electron detectors of ISEE 3/37/and inferred from plasma wave

VLF measurements of electron plasma frequency (fpe) signals at ISEE 3/38/at distances of 100 to 240 Re.
A cool beam of electrons reflected and accelerated by the quasiperpendicular (Q J_) shock streams against or
across the solar wind along the IMF line tangent to the shock, generating electrostatic plasma waves at fre-

quency fpe. The region behind the line is also the scene of plasma wave activity with f < fpe, detected by
Galileo at Venus/39/and by ISEE 3 at Earth/38/. Near the shock a less energized, but much hotter, popu-
lation of counterstreaming electrons reflected from the shock and/or emitted by the heated plasma of the

magnetosheath, has been directly observed by ISEE 1,2/40, 41/. In fact, counterstreaming electrons have
been used, without reference to the magnetic field orientation, as an indicator of recognized connection

from an observation point to the shock: absence of electrons means the observer is outside any foreshock.

From the distant plasma wave activity and the close-in electron observations we infer the presence of the

generalized distant electron foreshock noted in the figure, but, as remarked earlier in this report, we don't
know how deeply these electrons occur.

Another line or surface between the two shown in Figure 1, not necessarily bounding a broad region, and

not illustrated here, is formed by protons energized by multiple reflections along the Q_L section of the

shock. These protons are released at or slightly downwind from the IMF tangent point to stream against or

across the solar wind, depending on the instantaneous orientation of the field relative to Vsw, for distances
up to 240 Re/37/.
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The next region, designated the ion/ULF foreshock in Figure I, is where ULF waves prevail, largely by
inference, in an analogous setting to electrons and plasma waves. Like VLF plasma wave activity, ULF
activity accompanies particular particle populations, in this case, protons counterstreaming from the bow

shock. Near Earth's bow shock, the sunward boundary of all ULF waves coincides with the line of depar-

ture of protons outward along Bswbehind the contact point of the line of the IMF. Cold beams of acceler-

ated protons or singly reflected protons, with speed Vp = 2Vsw in the solar wind frame leave the shock
from where 0_n = 60* to 45*. Reflected beams of protons streaming along Bsw at the appropriate speed are
indeed observed, as are beams with a variety of hotter ("diffuse") energy spectra, departing the QII shock

where OBn < = 45*. The hot, diffuse distributions include a high energy tail of protons of energies compa-
rable to those accelerated by the Q.L shook and released at the tangent IMF line. The forward boundary of

the ion/ULF foreshock is, like its electron counterpart, a surface, represented as a line in the two dimen-
sional conceptualization. Thus depicted ion/ULF boundary in Figure 1 marks the beginning of a region of

protons either reflected from the shock around the transition between Q_I_and QII structures or scattered and
accelerated further along the QII structure to form a hot population with a nigh energy tail. Whether all dis-
tant observations of energetic ions were of Q_L-accelerated beams or of tail members of heated distributions

from deeper in the distant ion foreshock, some were accompanied by weak ULF waves/42/, so we know

that waves can extend as far upstream from the shock as do counterstreaming protons/12/, and that by

themselves they define a ULF boundary from which some downwind convection should be expected.
From the combination of these data, from a study of the ULF foreshock boundaries at Venus and Earth,
and from extensive investigations of ULF waves within the inner circle of Figure 1, we deduce that the

region behind the ion foreshock boundary in the figure is inhabited by, if not filled with, ULF oscillations.

The waves corresponding to 0Rn < = 45 ° become increasingly complex and enlarged in amplitude close to

the shock, i.e., deeper in the ion/ULF foreshock along the solar wind direction, as described in detail ear-
lier. These elements of wave complexity do not appear, however, at the far flank of the shock, outside and

very deeply downwind from the region of detailed observation/38/or along the QII terminator flank when
Bx = 0. When the IMF is nearly perpendicular to the solar wind flow, the foreshock is confined in two

relatively small regions near the flanks. Upstream waves and particles have not been investigated in this

geometry, but we know of no examples of well defined shocklets when the IMF is nearly at right angles to
the solar wind flow.

An initially uniform, counterstreaming beam of cold protons in an infinite, homogeneous solar wind sup-

ports an instability that generates transverse ULF waves which scatter some of the beam protons into a
warmer, less focused ("intermediate") distribution. Further development in time results in compressional

waves of larger amplitudes and eventually an accompanying hot, diffuse distribution. The hot distribution
includes a skewed tail of protons energized by Fermi scattering between upstream wave gradients, and

between wave gradients and the shock. The highest energy protons, unaffected by the most distant, small

waves far upstream from the shock, escape the foreshock into the distant upstream solar wind to become

low energy cosmic rays/43/. The ultimate development of a diffuse population and large compressional
waves is unsupported, although not necessarily contradicted, by observation because its growth time is

longer than the distance the solar wind is seen to travel between its first encounter with the cold proton
beam and the appearance of compressional ULF waves. Theory has, however, independently provided

wave growth by interaction of a diffuse population with the solar wind/21/. Analysis has also provided,

conveniently, for the escape of hot particles from the QII magnetosheath to provide just such a distribution

/44/or to augment the intermediate one already present. The original initial value scenario has been replaced

by a boundary value calculation that includes the shock and comes closer to approximating the natural fore-
shock of observation/45/.

N_mCrical _imulations

Computer modeling of the QII shock has offered a scenario in which convected upstream waves encounter-
ing protons reflected from the outermost steep field gradient are amplified until one wave crest grows to
become a "reformed" shock consisting of a new steep, Q_L-like gradient tbllowed downstream by trains of

amplified waves/46, 47/. The real upstream region then presumably consists of a bath of reflected ions
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plus whatever populations of waves and particles, including hot, backstreaming ions/48/and electrons
from the magnetosheath, have been supplied by the already existing foreshock originating in more sunward

portions of the curved bow shock.

Summary

We know, from plasma waves indicating the presence of small populations of reflected protons and the
absence of steepened waves and wave packets along the far flank, where X = -50 to -100 Re and Y = -60

to -100 Re, that conditions in this part of the deep QII foreshock do not support the steepening of ULF
waves leading to QII shock reformation. Either the local low Mach shock therefore does not generate

enough reflected protons to instigate its own reformation or the foreshock in that part of the downstream
solar wind does not carry the waves or particles necessary to initiate the reformation process. Both explana-

tions seem likely. Hence there is a region of the downstream foreshock for Y < = -50 R_ where we should

expect to find only particle populations below instability thresholds and convected transverse waves of
small to moderate amplitudes, if any.

Closer to the ion/ULF foreshock boundary, we may infer from our knowledge of the existence of energetic

protons returned from the QII shock, that transverse ULF waves must surely be present at some amplitude,
either generated locally or convected downwind from the boundary beam itself. Still closer to both the
shock and the boundary, but outside the inner circle of Figure 1, we expect to find returning populations of
both hot electrons with beam velocities more or less parallel to the electron foreshock boundary and diffuse

or escaping energetic protons with beam velocities more or less parallel to the ion foreshock boundary,

plus transverse and, possibly, compressional waves of appreciable amplitudes but seldom large enough to
become steepened shocklets. We may thus speculate that there is a region in the foreshock of considerable
interest containing an inhomogeneous mixture of cross streaming electrons, protons, and ULF waves nei-

ther documented by observation nor modeled by theory or simulation.

CONCLUSIONS AND RECOMMENDATIONS

Our present understanding of the foreshock's morphology is still incomplete, even within the inner circle
of extensive measurements (Figure 1), and we must never lose sight of the assumed distinction between

the physics of curved, inhomogeneous bow shocks of planetary scales and the inherent physics of large
scale interplanetary or interstellar shocks where cross communication may play a negligible role.
Foreshock morphology as we know it is largely controlled by the IMF cone angle and the peculiarities of

Earth's hyberboloidal shock. Most of previous observations are made at small and moderate IMF cone

angle and near the subsolar region, so the subsolar foreshock is well documented by high resolution mag-
netometers under this condition, and by particle detectors of moderate sampling rates. In essence, observa-

tions and theory have already reached, but not mastered, a scale below fluid physics, in the realm of kinetic

plasma processes. One compelling requirement of future investigation of the close-in foreshock therefore is
deployment of high time resolution ion analyzers and plasma wave VLF-detectors capable of recording

transient anisotropic distributions of reflected and magnetosheath-emitted ions, and electrostatic bursts,

involved in the process of ion scattering where and when the ULF waves are generated.

As we demonstrated in previous sections, a second major task in future upstream wave study is to identify
the intrinsic wave modes in the solar wind frame, with attention to departure from classical model of infi-

nite plane waves. In the strongly Doppler shifting environment of the solar wind, multiple spacecraft
observations are needed to determine unambiguously those frame-dependent wave properties such as fre-

quency and phase velocity. The waves have finite coherence lengths, and the multiple spacecraft must be
located within a coherence length of each other to ensure that they are observing the same wave. It is still

important to define coherence lengths of different types of waves using existing datasets. The knowledge
of coherence lengths can help us to develop a separation strategy for future multiple spacecraft missions.

The foreshock region beyond the orbit of previous spacecraft is largely unknown, but is important because

the phenomenology of this region, including escaping energetic particles and distant waves of scattering
capability, has the greatest prospect of application to the solar wind at large and the interaction physics of

remote obstacles with stellar plasmas not so easily sampled directly. The distant foreshock begs for ULF
•.1A5R 15:819-G
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mapping, with or without accompanying instrumentation capable of detecting counterstreaming particles.

Some particle properties can be reasoned from wave properties where interaction products have stabilized.
Existing databases collected from this region need to be exploited to guide future missions to truly undoc-
umented areas, and future missions need to include itineraries designed to answer remaining open

questions.
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ABSTRACT

Plasma waves observed in the VLF range upstream of planetary bow shocks not only modify the particle

distributions, but also provide important information about the acceleration processes that occur at the
bow shock. Electron plasma oscillations observed near the tangent field line in the electron foreshock are

generated by electrons reflected at the bow shock through a process that has been referred to as Fast
Fermi acceleration. Fast Fermi acceleration is the same as shock-drift acceleration, which is one of the

mechanisms by which ions are energized at the shock. We have generated maps of the VLF emissions

upstream of the Venus bow shock, using these maps to infer properties of the shock energization pro-

cesses. We find that the plasma oscillations extend along the field line up to a distance that appears to be
conlrolled by the shock scale size, implying that shock curvature restricts the flux and energy of reflected
electrons. We also find that the ion acoustic waves are observed in the ion foreshock, but at Venus these

emissions are not detected near the ULF foreshock boundary. Through analogy with terrestrial ion

observations, this implies that the ion acoustic waves are not generated by ion beams, but are instead
generated by diffuse ion distributions found deep within the ion foreshock. However, since the shock is

much smaller at Venus, and there is no magnetosphere, we might expect ion distributions within the ion

foreshock to be different than at the Earth. Mapping studies of the terrestrial foreshock similar to those
carried out at Venus appear to be necessary to determine if the inferences drawn from Venus data are

applicable to other foreshocks.

INTRODUCTION

Collisionless shocks provide a myriad of phenomena that occur on many different scales, from ion iner-

tial lengths, through ion Larmor radii, to scales of many planetary radii. At the same time, the physics

involved may be expressed by simple magnetohydrodynamics, or particle trajectory analysis, or fully

kinetic plasma theory. The tools employed include analytic theory, simulations, and data analysis. In this
paper we will discuss just one aspect of collisionless shocks, that is the VLF waves that are observed

upstream of a planetary bow shock in the region known as the foreshock. Although primarily based on

data analysis, we will also discuss some wave instability theory, and the mechanisms by which particles
gain energy at a shock.

VLF wave generation is a microscale phenomenon, but the morphology of the waves allows us to make
inferences concerning the energization processes that occur at a shock. Moreover, we will show that

while the energization occurs on mesoscales, the macroscale of the shock itself appears to be a limiting

factor on this process. This will be most clear through analysis of the waves observed in the electron

foreshock, and we will devote much of this paper to the electron foreshock, although we will also discuss
ion foreshock waves. Our understanding of the electron dynamics within the shock and foreshock

appears to be much firmer/1, 2, 3L While there has been significant progress in our understanding of the

1Now at SRI International, Menlo Park, California 94025, U.S.A.
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ion dynamics/4, 5, 6, 7/, how the ion distributions within the foreshock interact, how they evolve, and

nature of their relationship with both ULF and VLF waves is still a topic of some debate/8, 9, 10/.

Before discussing the VLF observations we will briefly review some of the basic theory on electron

reflection and energization at a shock. This will not be a comprehensive review of particle dynamics and

energization. In particular we will not discuss in detail why electron dynamics are best investigated in the
de Hoffman-Teller (HT) frame/11/, while ion dynamics are more readily understood in the normal inci-
dence frame (NIF). Instead we refer the reader to the excellent articles that discuss why the presence of a

non-coplanar magnetic field allows the magnetized electrons to be only affected by the HT frame cross-

shock potential, while the unmagnetized ions respond to the full potential in the NIF/12, 13, 14/. Having
reviewed the electron reflection process at the shock, we will present some examples of VLF wave data,

obtained by the Pioneer Venus Orbiter (PVO). We will then present images of the VLF emissions in the
ion and electron foreshock generated from statistical studies of the foreshock at Venus. The most signifi-

cant result of the imaging is the observation of a finite extent to the electron foreshock emissions, which
we attribute to the scale size of the shock acting to restrict the availability of energetic electrons far from

the shock. We will then discuss why the limitations of the PVO wave instrument do not allow us to

observe down-shifted plasma oscillations in the foreshock. Lastly, we will summarize the results pre-

sented in the paper, including some comments on the apparent disparity between the ULF and VLF
waves within the ion foreshock.

ELECTRON ACCELERATION

The energetic electrons responsible for the generation of VLF waves in the electron foreshock are mainly
of solar wind origin. While energetic electrons could possibly be of magnetospheric origin at the Earth,

the presence of electron foreshock VLF waves upstream of the bow shock of Venus, for example,

implies that the electrons are indeed accelerated at the shock. Leroy and Mangeney/15/, amongst others,
discussed the acceleration of electrons at a bow shock, using the de Hoffman-Teller (HT) transformation
/11/to facilitate their discussion of acceleration, transmission and reflection. The HT transformation is

carded out by moving along the shock surface with the velocity that aligns the upstream flow velocity

and magnetic field in the transformed frame. In this frame the motional electric field has been trans-

formed away. Thus there can be no energization of reflected electrons in the HT frame, assuming a time

stationary shock structure.

The HT frame is a particularly useful frame for discussing the processes involved in electron trans-
mission and reflection at the shock, as can be seen in Figure 1. The left of this figure, after 1151, shows

phase space contours of the incident and reflected solar wind electrons. The solar wind has been trans-
formed into the HT frame, and the incident flow is field-aligned, with positive velocities corresponding

to flow into the shock from upstream. The dashed hyperbola in the figure gives the boundary between
transmitted and reflected electrons. In the HT frame only the jump in the magnetic field causes electron

reflection at the shock. In the absence of a field-aligned electric field within the shock, the boundary

between transmitted and reflected electrons is a cone. The shock electric field, which retards the ions,

accelerates the electrons through the shock, widening the transmission cone into the hyperbolic shape

sketched in panel a) of Figure 1. The portion of the incident solar wind that lies outside of this boundary
is reflected at the shock and travels back upstream. It is this reflected population that is believed to gen-

erate electron plasma oscillations in the electron foreshock.

The de Hoffman-Teller velocity in the observer's frame (which is assumed to be at rest with respect to

the shock surface) is given by

n x(v0xb) cos 0vn

vaT= b. n = v°- b CO--0-_b,v°
(1)

where n is the shock normal, v0 is the solar wind velocity in the observer's frame, b is the unit vector

along the magnetic field, 0vn is the angle between the solar wind velocity vector and the shock normal,
and 6on is the angle between the magnetic field and the shock normal. Taking primed vectors to be mea-
sured in the HT frame, the transformation from shock frame to HT frame is given by v' = v - vrrr.
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In the HT frame the solar wind moves towards the shock with a speed given by Vo' = vo cos 0vn/eos 0on

along the magnetic field. Since the magnetic field increase at the shock acts as a mirror, the solar wind
sees a magnetic mirror moving with the speed v0', and particles reflected by this moving mirror gain

twice this speed in the solar wind frame. Thus this process has been named Fast Fermi acceleration 1161.
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Fig. 1. a) Phase space contours of the incident and reflected solar wind electron population, in
the de Hoffman-Teller frame (after/15/). b) Reflected electron flux and energy as a function

of 0bn (after/15/).

At first sight, it appears that electrons can gain an arbitrary amount of energy, depending on 0bn. AS 0bn
--_ 90 °, V0' _ _, ignoring relativistic effects. However, as pointed out in/15/, the mirror efficiency _ 0

as 0bn --_ 90 °. This can be seen on consideration of Figure 1. As vo' increases, the whole solar wind popu-

lation moves to higher parallel velocity, and more and more of the solar wind population lies within the
transmission cone. This is further demonstrated in panel b) of Figure 1.

Another point alluded to in 115/and/16/, but not discussed in detail, concerns the effect of shock curva-

ture. In carrying out the HT frame transformation we assume an infinite planar shock. In reality, plane-

tary bow shocks are curved. This affects the reflection process in two ways. First the area of the curved
bow shock over which reflection occurs becomes vanishingly small as 0bn --->90 °, and so the net flux of

reflected particles must _ 0. Second, the amount of energy gain will be restricted by the curvature of the
shock. In the HT frame the reflected particles gain no energy, but in the shock frame the particles have

gained energy, corresponding to the moving mirror speed. This energy gain can only come from the
motional electric field -v0 × B. Furthermore, the electrons gain this energy by drifting along the shock,

i.e., shock-drift acceleration/4, 5/. Although shock-drift acceleration is usually discussed in the context

of ion acceleration at the shock, the same principles apply to electron acceleration. Taking a solar wind

flow velocity of 400 kms -1, and an upstream magnetic field strength of 10 nT, the motional electric field
is = 4 mV/m. The tangential electric field is continuous across the shock, and so a particle gains an

energy of the order 25 keV/R_ in drifting along the shock surface. For a shock, such as the terrestrial bow
shock, whose radius of curvature is of the order 20 Re, electrons can gain moderately high energies
before shock curvature effects become significant. However, for smaller shocks, such as the Venus bow

shock, whose radius of curvature = 2 Rv (1 Rv = 6052 km, 1 R_ = 6371 km), curvature effects are likely

to limit the energy gain of the electrons. At Mars, with an even smaller radius of curvature, and weaker

magnetic field, we would expect the effect of shock curvature to be even more significant.

JASR 15:8/9-0
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Since shock curvature changes 0ha along the bow shock, we expect electrons which encounter the shock

further downstream to in general gain less energy than those electrons that encounter the bow shock near

the point of where the IMF is a tangent to the shock surface. This tangent field line also marks the limit
of accessibility for reflected particles, since they are convected downstream by the solar wind motional

electric field. The lower energy particles take longer to travel any given distance along the field, and so

they are convected further downstream by the solar wind electric field. This time-of-flight effect was
first used by Filbert and Kellogg/17/to explain the presence of electron plasma oscillations in the elec-

tron foreshock. In Figure 1 all the particles outside of the transmission cone are reflected. However, at

any particular location in the foreshock, there exists a critical parallel velocity, below which the particles
are convected downstream before they can propagate from the shock to the point of observation. The

resultant low energy cut-off in the reflected population introduces a positive slope in the reduced distri-
bution function (i.e., the distribution function integrated over V_L),which Can generate plasma oscillations

through the bump-on-tail instability.
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Fig. 2. Foreshock electron distributions (after/18/). The left panels (a) show theoretical phase
space density contours, together with the reduced distribution function. The right panels (b)

show the same phase distributions, but sampled in a manner similar to a particle instrument.

In this case the reduced distribution functions (solid curves) are compared with actual obser-
vations (dotted curves).

Fitzenreiter et al. /18/ developed a model for electron distributions in the foreshock. In their work they
took into account the curvature of the shock through changes in the HT speed as a function of 0ha, and

through kinematic restrictions on the allowed trajectories. Figure 2 shows some results of their modeling.

Two effects are clear from the figure. The first is that the reflected distribution lies at oblique angles with

respect to the magnetic field. The boundaries of the "earlike" structure are given by the transmission
cone at high energy, and the time-of-flight cut-off velocity at low energy. As discussed in/18/, the distri-

bution is built up from reflected electrons from different portions of the shock. The net effect of this is to

steepen the time-of-flight gradient in the distribution. The second effect in Figure 2 is that the instrument

sampling smears any gradients in the phase space distribution. Thus, because of instrument sampling,
and also the smoothing that occurs in response to the wave generation, the typical signature of the

reflected electrons tends to be a high energy tall. The break in the distribution marks the cut-off velocity.

The basic concepts of "Fast Fermi" acceleration at the bow shock and time-of-flight cut-offs appear to be

sufficient to explain many of the features of VLF waves in the electron foreshock, as we shall see below.
However, there are still some effects not yet incorporated into theory, primarily the restriction on elec-

tron energization imposed by shock curvature, as briefly discussed above. This can best be seen through
studies of the electron foreshock at Venus.
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In order to understand VLF wave phenomena in the Venus foreshock it useful to make use of a coor-

dinate system first derived for terrestrial observations/17, 19/, shown in Figure 3 for the Venus bow
shock/20, 21/. This figure shows the IMF, solar wind, bow shock, and the observing spacecraft (PVO) in
the aberrated Venus Solar Orbital (VSO) coordinate system. (VSO coordinates are analogous to

Geocentric Solar Ecliptic Coordinates.) In Figure 3 we have assumed that the plane containing the solar

wind and IMF, the B-v plane, also contains the center of the planet. For convenience we refer to this as

the equatorial plane. In general, the observing spacecraft need not lie in the equatorial plane, but the

geometry is similarly defined, except that the B-v plane containing the spacecraft intersects the bow

shock in a plane parallel to the equatorial plane. The tangent field line then intersects the shock further
downstream from the point of tangency in the equatorial plane.

Solar Wind

Aberrated
VSO

Tangent Field Line

Fig. 3. Foreshock coordinate system at Venus (after/20, 21/).

Depending on the phenomenon of interest, various coordinates systems can be chosen. However, given
the discussion in the previous section, we use the distance along the tangent field line and the depth

downstream from the tangent field line to the point of observation as the foreshock coordinate system.

For a reflected particle the distance depends primarily on the parallel reflection velocity, while the depth

is governed by the solar wind flow. An alternative coordinate system could use the time-of-flight angle

(_), and the distance traveled along the time-of-flight velocity vector, indicated by the dashed line. Other

parameters of interest include the shock normal direction (0bn) as measured at the point of intersection on
the bow shock of the field line passing through the spacecraft, and the distance along the field line from

the bow shock to the spacecraft. Note that as drawn in Figure 3 the shock normal lies in the B-v plane,
but this is not the case when the B-v plane containing the spacecraft lies above or below the equatorial

plane.

An example of the VLF emissions observed in the foreshock of Venus is shown in Figure 4/20, 21/.
This figure shows 1 hr 45 min of data acquired by PVO when it was in the solar wind, some 5 Rv behind
and the terminator and about 7 Rv from the Venus-Sun line. The top four panels show wave electric field

intensity, measured at 30 kHz, 5.4 kHz, 730 Hz, and 100 Hz, which are the four frequency channels of
the Orbiter Electric Field Detector (OEFD). The OEFD was restricted to these four frequencies because

of the power, weight, and telemetry restrictions of the Pioneer Venus Orbiter/22, 23, 24/. Because the
OEFD antenna is so short, 0.76 m, the wave instrument suffers from high levels of interference when the

spacecraft is in sunlight and the plasma Debye length is large, as occurs when the spacecraft is in the
solar wind. The 100 Hz channel is most susceptible to this interference. However, in Figure 4 we have

applied a noise removal scheme based on Bayesian statistical methods/25/to the data, and much of the
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noise has been removed. The middle four panels in Figure 4 show the magnetic field components in

VSO coordinates and total field strength. The bottom two panels show depth behind the tangent field

line, and 0b, at the bow shock intersection point of the field line passing through the spacecraft. When

the depth is negative the spacecraft is upstream of the tangent field line, and 0bn iS not defined. On the
other hand, depth is not defined if the magnetic field becomes sufficiently close to radial that there is no
field line that is tangent to the bow shock, although 0bn is defined. The changes in depth and 0on are

mainly due to changes in the IMF orientation, rather than spacecraft motion.

In Figure 4 waves are observed at 30 kHz for the first 20 min of data shown. At this time depth is small
and positive, while 0bn is > 45 °, indicating that the spacecraft is in the electron foreshock. Around 0605
UT there is a rotation in the IMF, and from 0605 UT to 0627 UT most of the wave activity occurs in the

5.4 kHz and 730 Hz channels. Depth is generally larger than before this time, and the waves are most

intense when 0bn drops below 45". This suggests that at this time the spacecraft is in the ion foreshock.
Also some ULF waves are present when the VLF waves are most intense, again indicative of the ion

foreshock. After 0630 UT depth is mainly negative until 0645 UT, at which time the rotation in the IMF
causes the electron foreshock to rapidly sweep over the spacecraft, and we observe a brief burst of 30

kHz noise. From 0650 UT until the end of the data the spacecraft is deep in the ion foreshock, and
intense 5.4 kHz, 730 Hz, and ULF waves are observed. Throughout most of the interval after 0650 UT

the spacecraft is upstream of a quasi-parallel bow shock.
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Fig. 4. Example of VLF emissions observed in the foreshock at Venus (after/20, 21/).

Figure 4 provides a succinct overview of the types of wave phenomena observed by PVO in the fore-
shock at Venus. The VLF waves observed in the foreshock of Venus have been analyzed in terms of

polarization, intensity as a function of location within the foreshock, and dependence on solar wind

plasma density/20, 21, 26/. The 30 kHz wave intensity peaks at the tangent field line, with a peak ampli-
tude around 10 mV/m/26/, comparable to plasma oscillations detected at the Earth/17/. Using the vari-

ation in plasma density to scan in frequency, the 30 kHz wave intensity is centered on the local plasma

frequency/26/, and the waves are polarized parallel to the magnetic field/21, 26/. It is hence clear that
the waves generated at the tangent field line are indeed plasma oscillations. The 5.4 kHz and lower fre-

quency waves, on the other hand, tend to be observed further downstream from the tangent field line
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/21/. Comparisons with terrestrial observations shows a similar spectral shape, with the wave power

extending up to 10 times the ion plasma frequency, with intensities comparable to those observed by the
ISEE-2 spacecraft/21/. Through comparison of wave power as observed on both the ISEE-1 and -2
spacecraft it was concluded that the wavelength of the VLF waves in the terrestrial foreshock was >

30 m (the length of the ISEE-2 antenna), but less than 215 m (ISEE-1)/271. The PVO antenna'is even
shorter than the ISEE-2 antenna, but since the wavelength is greater than the antenna length in both
cases, the observed wave power is independent of wavelength. At Venus the 5.4 kHz waves were found

to be parallel polarized 1211, which contradicts a terrestrial study/28/that used wave interference patterns
to show that the wave vector direction was typically 40* away from the magnetic field. This apparent

contradiction has yet to be resolved, but may be a consequence of the spin averaging used for deter-

mining wave polarization in the PVO studies.

VLF EMISSIONS AT VENUS: MAPPINGS

Although the PVO plasma wave instrument suffers from a lack of frequency resolution, there are advan-
tages to studying VLF data at Venus. First of all, the PVO orbit had apoapsis around 12 Rv, much larger
than the size of the Venus obstacle, and so the spacecraft spent a significant amount of time on each orbit
in the unshocked solar wind. Furthermore, the spacecraft was in the solar wind both in the sub-solar

region, and also well past the planetary terminator, thus allowing a much larger area of the foreshock to
be mapped. Last the spacecraft was in orbit around Venus for 14 years, and we can carry out large statis-

tical studies. A preliminary study/29/using data from nearly one Venus year (200 orbits) showed the
usefulness of imaging the Venus foreshock using VLF data. Subsequently/20/, this study was extended

using a separate set of 650 orbits. The results of this study are presented in Figures 5 and 6.

In Figure 5 the data have been restricted to those intervals for which the IMF was within + 10 ° of the
nominal Parker spiral in the B-v plane. As discussed in 1201 and/29/, the technique employed in gener-

ating the maps is to calculate for each observation the distance along the tangent field line and depth
behind the tangent line using the instantaneous IMF, and a model bow shock that has been scaled to the
observed bow shock location for each orbit. In scaling the bow shock, we have only changed the semi-

latus rectum (L) of the conic of revolution that specifies the shock. This conic of revolution is given by

R = L (2)
1 + e cos Osz

where R is radial distance from the focus, e is the eccentricity, and Osz is the solar zenith angle with

respect to the focus. In generating the maps we used a bow shock model with e = 1.03, and focus at

0.45 Rv sunward of the planet/20, 21, 30/. When matching bow shock models to actual observations, it
is preferable to keep the shock shape (specified by e) and focus fixed, and allow the size (specified by L)

to change/31/.

Having calculated depth and distance, these are then converted to a Cartesian coordinate location with
respect to the point of tangency in the B-v plane by assuming the IMF is at the nominal Parker spiral

angle (35* at Venus), even though the instantaneous IMF may be at some other angle. This is done to
prevent "smearing" of the tangent field line, which would occur if the instantaneous IMF orientation was

used to specify the location. Finally, all the parallel B-v planes are mapped to the equatorial plane, using
the point of tangency in each plane as the common reference point. Although we have mixed flank bow

shock intersections with sub-solar intersections, this does not appear to drastically alter the statistical

results/20/. Once the data have been mapped to a common foreshock geometry, the data are accumulated
in bins with 1 × 1 Rv resolution.

At the top left of Figure 5 we show the 9th decile of the 30 kHz wave intensity. Although the data have

been accumulated in 1 × 1 R_ bins we have interpolated the data in generating the maps. The color scale

shows the lOgl0 of the wave intensity. The small black dot is the point of tangency. At the bottom left of
the figure we show the log10 of the number of samples per 1 × 1 Rv bin. Throughout most of the distri-

bution we have over 100 samples per bin, and thus we have high statistical confidence in the results. In
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the bottom panel we have superimposed the reference bow shock model used in generating the maps,

• given by L = 1.69 Rv/21, 26/.

It is clear that the 30 kHz emissions occur mainly along the tangent field line. In addition, the wave

intensity only reaches a maximum a few Rv away from the point of tangency. Moreover, the wave

intensity shows a marked decrease some 15 Rv upstream of the point of tangency. Similar mapping stud-
ies using ISEE-3 data show wave emissions extending up to ~ 100 Rv along the tangent field-line/32/.
Thus the electron foreshock emissions seem in part to be controlled by the scale size of the shock, con-

sistent with limits being imposed on the Fast Fermi process through shock curvature, as noted earlier. If

the drop-off was due to some inherent properties of the plasma instability and subsequent saturation pro-
cesses, we would expect the drop-off scale to be independent of shock-size, instead being controlled by

some scale dependent on the ambient plasma parameters. Since the solar wind is very similar at the Earth

and Venus, such a scale factor would be the same at both planets.

We also note that in Figure 5 the electron foreshock emissions that are upstream of the tangent point

appear to be stronger than the emissions in the downstream region. This could be attributed to two

possible causes/20/. The first is that the solar wind electron distribution is asymmetric, there is a heat
flux from the sun, and electrons energized at the bow shock will be flowing in the same direction as this
heat flux in the downstream foreshock, thus reducing the slope in the distribution function, and hence the

growth rate for instability. The second possibility can be seen on inspection of (1). While the electrons
are coming from regions with roughly the same 0bn, the shock normal is almost parallel to the solar wind
flow in the sub-solar region, while the shock normal is more nearly perpendicular along the flanks. The

0vn dependence of the de Hoffman-Teller velocity implies that the electron acceleration will be weaker
for the downstream foreshock. However, the interplay between changes in Ovn and changes in 0bn

requires further analysis, similar to /18/, but taking into account both upstream and downstream
foreshocks.

In this paper we have concentrated on the electron foreshock emissions, but one or two remarks are in

order concerning the ion foreshock emissions at Venus, as revealed in the Figure 5. At the right of Figure
5 we include maps of the 9th decile of wave intensity measured at 5.4 kHz, and the standard deviation of

the trace of the magnetic field. The 5.4 kHz channel is used to monitor the ion acoustic emissions in the
foreshock, while the magnetic field deviation is a proxy for the presence of ULF waves. The line inter-

secting the model bow shock behind the tangent field line is the ULF boundary obtained from terrestrial
studies/33/, but modified for the nominal Parker spiral orientation at Venus/21/. The ULF waves are
most intense near the bow shock, and tend to be confined to locations behind the ULF boundary. The 5.4

kHz emissions, on the other hand, appear to be confined to locations even further downstream of the

model ULF boundary. It is normally assumed, and Figure 4 appears to bear this out, that the ULF waves
and VLF ion acoustic waves are both seen together. However, Figure 5 implies that this is only the case

for observations deep in the ion foreshock. This suggests that different plasma populations are respon-
sible for the different waves. Unfortunately, no similar mapping studies of the terrestrial ion foreshock

have been carried out to determine if this result is unique to Venus. The smaller shock scale size at

Venus will probably result in weaker Fermi and shock-drift acceleration, This, together with the lack of

magnetosphere to act as a reservoir of energetic leakage particles, leads us to expect that the ion fore-
shock at Venus will be populated by lower energies and fluxes than at the Earth.

In Figure 6 we repeat the foreshock analysis, but now for IMF orientations nearly perpendicular to the
solar wind flow. We find that the electron foreshock emissions are still present, but with intensities that

lie between those observed in the upstream and downstream foreshock as shown in Figure 5. That the 30

kHz emissions are weaker than in the upstream foreshock of Figure 5 is consistent with our arguments

concerning the 0vn dependence of the electron reflection process. The ion foreshock VLF emissions are

almost completely absent. There is perhaps a hint of ULF emissions close to the shock behind the model

ULF boundary.
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DOWN-SHIFTED PLASMA OSCILLATIONS

In addition to the emissions at the plasma frequency that occur close to the tangent field, VLF waves are

also observed at frequencies below the plasma frequency in the terrestrial foreshock/34, 35/. These
waves are referred to as down-shifted plasma oscillations. It should be noted that "down-shift" does not

mean that the waves are shifted in frequency due to a frame transformation, as opposed to ion acoustic
waves, for example, which are "up-shifted" to several kHz in the ion foreshock because of their short

wavelength. The down-shift is too large to be accounted for simply by Doppler-shift/35/. An example of
down-shifted plasma oscillations is shown in Figure 7. The top panel shows wideband electric field data

from the ISEE-1 spacecraft. The bottom panel shows the distance behind the tangent field line ("Diff').

The sign convention for Diff is the opposite of the convention we have used in discussing the PVO
observations, with negative Diff corresponding to locations behind the tangent field line. A narrow-band

intense wave emission is observed when the spacecraft is close to the tangent line. Just behind the tan-

gent line this emission tends to increase in frequency, but at much greater depths the emission moves to
lower frequencies. Typically the plasma frequency wave amplitude is a few mV/m, while the down-

shifted emission is much weaker, only a few 100 mV/m/34/. In terms of wave power, the plasma fre-

quency emission can be as intense as 10-1° V2/m2/Hz, and the down-shifted emission is typically less
than 10 -12 VZ/m2/Hz/34/.
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Fig. 7. Example of down-shifted plasma oscillations observed in the terrestrial electron fore-
shock (after/35/).

The most energetic reflected electrons are found close to the tangent field line. At greater depths the
energy decreases. This decrease in the electron beam energy appears to explain the down-shift, as shown

in Figure 8 (after/35/). This figure shows the results of a linear stability analysis where the ambient elec-

trons are represented by a Maxwellian distribution, and the beam electrons are modeled by a Lorentzian
distribution. The left panel of the figure shows that the maximum growth rate decreases as the beam

velocity decreases with respect to the ambient electron thermal velocity. In addition, the frequency at
which the maximum growth occurs shifts to progressively lower frequencies with respect to the plasma

frequency. This conclusion is reinforced in the right panel which shows the frequency of maximum
growth as a function of beam velocity for different beam temperatures.
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Given many of the similarities of the terrestrial and Venusian bow shock and electron foreshock, it

appears reasonable to expect that down-shifted plasma oscillations should also be present at Venus, but

Figures 5 and 6 show no evidence of these waves. The lack of down-shifted oscillations appear to be
mainly due to the limitations of the PVO wave instrument/26, 32/. First, the large frequency spacing
between channels (5.4 kHz and 30 kHz), coupled with the relatively narrow bandwidth of the frequency

filters (30%) implies that down-shifted waves will not be well sampled by the instrument. Second, and

perhaps more importantly, the short antenna length reduces the sensitivity of the PVO instrument. The

background level of the color plots in Figures 5 and 6 is the instrument background. At 30 kHz this level
is = 5 × 10-13 V2/m2/Hz. The peak intensities at the tangent field line are ---5 × 10-1° V2/m2/Hz, which is

comparable to the terrestrial observations, while the instrument threshold is comparable to the down-
shifted wave intensities/34/. Thus the PVO instrument is not likely to observe the down-shifted waves.

However, such waves are present at Venus. The much more sensitive Galileo wave instrument detected

down-shifted plasma oscillations during the flyby of Venus. These emissions depended on depth in a
manner similar to the terrestrial observations/36/.
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Fig. 8. Solutions of the beam-plasma dispersion relation. The left panel shows growth rate

versus frequency for different beam velocities. The right panel shows the frequency at which

maximum growth occurs as a function of beam velocity for different beam temperatures (after

/35/).

SUMMARY AND CONCLUSIONS

VLF waves observed in the electron foreshock that is present upstream of planetary bow shocks appear

to be a useful diagnostic of the energization processed that occur at the bow shock. First, the waves

themselves provide a very clear marker of the tangent field line. As such they can be used for remote
sensing of the bow shock/37/, although some care must be exercised in inferring the bow shock location
/31/. Some of the more extreme shock shapes in/37/arise from allowing the focus of the shock to

change, rather than the semi-latus rectum. Varying the latter parameter is more physically realistic since
it determines the size of the forward part of the shock near the obstacle, which will vary as a function of

Mach number, while the focus is mainly fixed by the obstacle.

Second, the evolution of the waves as a function of both depth and distance provide information on the

energization process. The changes that are a function of depth are clearly related to the decrease in

reflection energy, and provide confirmation of both the time-of-flight models, and also the validity of
Fast Fermi (or alternatively, electron shock-drift) acceleration. The dependence on distance observed

within the Venus foreshock may also have important lessons concerning the effects of curved shocks on
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the electron energization. It appears that the shock radius of curvature is an important controlling factor

in limiting the availability of energetic electrons in the foreshock. As such we might expect the plasma
emissions to be observed at progressively larger distances as the shock radius of curvature decreases.

Studies of the terrestrial foreshock appear to confirm this/32/.

A comparison with foreshock data from the outer planets and also from interplanetary shocks would be
useful. Unfortunately, it is only statistical studies, such as shown in Figures 5 and 6, that allow us to

determine the spatial extent of the foreshock emissions. Most wave observations at the outer planets are
from flybys, or from relatively close orbiters such as the Phobos spacecraft at Mars/38, 39/.

The ion foreshock appears to be much more complicated than the electron foreshock. As other papers in
this issue indicate/8, 9, 10/, our understanding of the ion foreshock is far from complete. This is not only
the case for the VLF waves, but also for the source of the ions in the foreshock, and the role that ULF
waves have to play in modifying the ion distributions. From our studies of the ion foreshock at Venus we

are drawn to the conclusion that the ULF and ion acoustic waves are not necessarily observed at the
same time, especially further away from the shock. Figure 5 indicates that the VLF waves in the ion

foreshock are generated well downstream of where ion beams are expected to be present, rather they are
observed where we might expect diffuse ions to be present. Unfortunately, the solar wind instrument on
PVO was not able to provide detailed distributions within the foreshock. Also, since similar studies have

not been carried out at the Earth, we do not know if this separation of ULF and VLF signatures is spe-
cific to the Venus foreshock, or if such features are also present at the Earth.

In conclusion, VLF waves observed in planetary foreshocks can provide information about the underly-
ing plasma that generates the waves. The waves of course indicate the presence of free energy within the

plasma. However, through maps of the wave emissions we may be able to infer more about the mecha-
nisms that are responsible for the free energy. This appears to be the case for the electron foreshock,

where maps of the VLF emissions suggest that shock curvature limits the energization of the electrons.
For the ion foreshock, on the other hand, it may be necessary to reconsider the source of the VLF waves.

Rather than being generated by ion beams/40/, the waves may be generated by the more diffuse distri-

butions, implying that the waves are generated through pitch angle anisotropy within the ion distribution.

Maps of the ion foreshock emissions at planets other than Venus would probably help in determining the
validity of this speculation.

ACKNOWLEDGMENTS

This work was supported by NASA grants NAG2-485 and NAGW-3497.

REFERENCES

1. Klimas, A. J., The electron foreshock, in Collisionless Shocks in the Heliosphere: Reviews of Current

Research (eds. B. T. Tsurutani, and R. G. Stone), pp. 237-252, Geophysical Monograph 35, American
Geophysical Union, Washington, 1985.

2. Fitzenreiter, R. J., The electron foreshock, Adv. Space Res., this issue.

3. Scudder, J. D., A review of the cause of electron temperature increase in collisionless shocks, Adv.
Space Res., this issue.

4. Forman, M. A., and G. M. Webb, Acceleration of energetic particles, in Collisionless Shocks in the

Heliosphere: A Tutorial Review (eds. R. G. Stone, and B. T. Tsurutani), pp. 91-114, Geophysical
Monograph 34, American Geophysical Union, Washington, 1985.

5. Armstrong, T. P., M. A. Pesses, and R. B. Decker, Shock drift acceleration, in Collisionless Shocks in

the Heliosphere: Reviews of Current Research (eds. B. T. Tsurutani, and R. G. Stone), pp. 271-285,

Geophysical Monograph 35, American Geophysical Union, Washington, 1985.





VLF Foreshock (8/9)41

6. Gosling, J. T., and A. E. Robson, Ion reflection, gyration, and dissipation at supercritical shocks, in
Collisionless Shocks in the Heliosphere: Reviews of Current Research (eds. B. T. Tsurutani, and R. G.

Stone), pp. 141-151, Geophysical Monograph 35, American Geophysical Union, Washington, 1985.

7. Thomsen, M. F., Upstream suprathermal ions, in Collisionless Shocks in the Heliosphere: Reviews of

Current Research (eds. B. T. Tsurutani, and R. G. Stone), pp. 253-270, Geophysical Monograph 35,

American Geophysical Union, Washington, 1985.

8. Greenstadt, E. W., G. Le, and R. J. Strangeway, ULF waves in the foreshock, Adv. Space Res., this

issue.

9. Fuselier, S. A., Ion distributions in the Earth's foreshock upstream from the bow shock, Adv. Space

Res., this issue.

10. Scholer, M., Interaction of upstream diffuse ions with the solar wind, Adv. Space Res., this issue.

11. de Hoffman, F., and E. Teller, Magneto-hydrodynamic shock, Phys. Rev., 80, 692 (1950).

12. Goodrich, C. C., and J. D. Scudder, The adiabatic energy change of plasma electrons and the frame

dependence of the cross-shock potential at collisionless magnetosonic shock waves, J. Geophys. Res.,

89, 6654-6662 (1984).

13. Scudder, J. D., A. Mangeney, C. Lacombe, C. C. Harvey, and T. L. Aggson, The resolved layer of a

collisionless, high b, supercritical, quasi-perpendicular shock wave 2. Dissipative fluid electrodynamics,

J. Geophys. Res., 91, 11,053-11,073 (1986).

14. Ellison, D. C., and Jones, E. C., Non-coplanarity magnetic fields in shock transition layers, Adv.

Space Res., this issue.

15. Leroy, M. M. and A. Mangeney, A theory of energization of solar wind electrons by the Earth's bow

shock, Annales Geophysicae., 2, 449--456 (1984).

16. Wu, C. S., A fast Fermi process: Energetic electrons accelerated by a nearly perpendicular bow

shock, J. Geophys. Res., 89, 8857-8862 (1984).

17. Filbert, P. C., and P. J. Kellogg, Electrostatic noise at the plasma frequency beyond the Earth's bow

shock, J. Geophys. Res., 84, 1369 (1979).

18. Fitzenreiter, R. J., J. D. Scudder, and A. J. Klimas, Three-dimensional analytical model for the spatial

variation of the foreshock electron distribution function: Systematics and comparisons with ISEE

observations, J. Geophys. Res., 95, 4155-4173 (1990).

19. Greenstadt, E. W., and L. W. Baum, Earth's compressional foreshock boundary revisited:

Observations by the ISEE 1 magnetometer, J. Geophys. Res., 91, 9001-9006 (1986).

20. Crawford, G. K., A Study of Plasma Waves Arising from the Solar Wind Interaction with Venus, Ph.

D. Thesis, University of California at Los Angeles, 1993.

21. Crawford, G. K., R. J. Strangeway, and C. T. Russell, VLF emissions in the Venus foreshock:

Comparisons with terrestrial observations, J. Geophys. Res., 98, 15,305-15,317 (1993).

22. Scarf, F. L., W. W. L. Taylor, and P. V. Virobik, The Pioneer Venus Orbiter plasma wave investiga-

tion, IEEE Trans. Geosci. Remote Sens., GE-18, 36-38 (1980).

23. Scarf, F. L., W. W. L. Taylor, C. T. Russell, and R. C. Elphic, Pioneer Venus plasma wave observa-
tions: The solar wind-Venus interaction, J. Geophys. Res., 85, 7599-7612 (1980).





(8/9)42 R.J. Strangeway and G. K. Crawford

24. Strangeway, R. J., Plasma waves at Venus, Space Sci. Rev., 55, 275-316 (1991).

25. Higuchi, T., G. K. Crawford, R. J. Strangeway, and C. T. Russell, Separation of spin synchronous
signals, Annals of the Institute of Statistical Mathematics 46, 405-428, 1994.

26. Crawford, G. K., R. J. Strangeway, and C. T. Russell, Electron plasma oscillations in the Venus fore-
shock, Geophys. Res. Leg., 17, 1805-1808 (1990).

27. Anderson, R. R., G. K. Parks, T. E. Eastman, D. A. Gurnett, and L. A. Frank, Plasma waves associ-

ated with energetic particles streaming upstream into the solar wind from the Earth's bow shock, J.
Geophys. Res., 86, 4493-4510 (1981).

28. Fuselier, S,. A., and D. A. Gurnett, Short wavelength ion waves upstream of the Earth's bow shock,

J. Geophys. Res., 89, 91-103 (1984).

29. Crawford, G. K., R. J. Strangeway, and C. T. Russell, VLF imaging of the Venus foreshock,

Geophys. Res. Leg., 20, 2801-2804 (1993).

30. Slavin, J. A., R. E. Holzer, J. R. Spreiter, and S. S. Stahara, Planetary Mach cones: Theory and
observation, J. Geophys. Res., 89, 2708-2714 (1984).

31. Farris, M. H., and C. T. Russell, Determining the standoff distance of the bow shock: Mach number

dependence and use of models, J. Geophys. Res., 99, 17,681-17,689 (1994).

32. Greenstadt, E. W., G. K. Crawford, R. J. Strangeway, S. L. Moses, and F. V. Coroniti, Spatial distri-
bution of electron plasma oscillations in the Earth's foreshock at ISEE-3, in preparation, personal com-
munication, 1994.

33. Le, G., and C. T. Russell, A study of ULF wave foreshock morphology-l: ULF foreshock boundary,

Planet. Space Sci., 40, 1203-1213 (1992).

34. Etcheto, J., and M. Faucheux, Detailed study of electron plasma waves upstream of the Earth's bow
shock, J. Geophys. Res., 89, 6631-6653 (1984).

35. Fuselier, S. A., D. A. Gurnett, and R. J. Fitzenreiter, The downshift of electron plasma oscillations in

the electron foreshock region, J. Geophys. Res., 90, 3935-3946 (1985).

36. Hospodarsky, G. B., D. A. Gurnett, W. S. Kurth, M. G. Kivelson, R. J. Strangeway, and S. J. Bolton,

Fine structure of Langmuir waves observed upstream of the bow shock at Venus, J. Geophys. Res., 99,
13,363-13,371 (1994).

37. Cairns, I. H., C. W. Smith, W. S. Kurth, D. A. Gurnett, and S. Moses, Remote sensing of Neptune's

bow shock: Evidence for large scale shock motions, J. Geophys. Res., 96, 19,153-19,169 (1991).

38. Skalsky, A., R. Grard, S. Klimov, C. M. C. Nairn, J. G. Trotignon, and K. Schwingenschuh, The

Martian bow shock: Wave observations in the upstream region, J. Geophys. Res., 97, 2927-2933 (1992).

39. Trotignon, J. G., A. Skalsky, R. Grard, C. Nairn, and S. Klimov, Electron density in the Martian

foreshock as a by-product of the electron plasma oscillation observations, J. Geophys. Res., 97, 10,831-
10,840 (1992).

40. Fuselier, S. A., S. P. Gary, M. F. Thomsen, S. J. Bame, and D. A. Gurnett, Ion beams and the ion/ion

acoustic instability upstream from the Earth's bow shock, J. Geophys. Res., 92, 4740-4744 (1987).





JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 100, NO. A8, PAGES 14,523-14,535, AUGUST 1, 1995

Intermediate transition in the Venus ionosheath

H. Perez-de-Tejada

Institute of Geophysics, National University of Mexico Ensenada, Baja California

D. S. Intriligator

Carmel Research Center, Santa Monica, California

R. J. Strangeway

_Institute of Planetary Geophysics and Space Physics, University of California, Los Angeles

Abstract. We present the results of an analysis of Pioneer Venus Orbiter (PVO) plasma
and electric and magnetic field data with evidence of a plasma transition along the
flanks of the Venus ionosheath for 8 PVO passes near the terminator. This transition

occurs between the bow shock and the ionopause and represents a stationary change

in the properties of the shocked solar wind that streams around the Venus

ionosphere. We find that the intermediate transition is characterized by three
concurrent features: (1) A noticeable electric field burst measured with the 30 kHz
channel of the electric field detector of the PVO; (2) a severe drop of the magnetic

field intensity accompanied by a strong rotation of the magnetic field orientation to a
direction closer to the Sun-Venus axis in the inner ionosheath; and (3) substantially

enhanced plasma fluxes detected at the time when these changes in the electric and

magnetic fields are measured. The peak particle flux and the peak magnetic field

intensity measured at this transition in the data of the 17 PVO orbits are also

presented. It is found that large values of the enhanced particle fluxes occur mostly

when the peak magnetic field intensity is large.

Introduction

Concepts regarding the structure of the shocked solar
wind flow around Venus have been extensively analyzed

from the available experimental data. Over the last few

years much has been done to examine the presence of

a plasma boundary located between the bow shock and

the ionopause. This feature was first identified in the

Mariner 5 plasma measurement reported by Bridge et

al. [1967] and Sheffer et al. [1979] and has been reported in
studies based in other observations [Vaisberg et al. 1976;
Romanov et al. 1979; Perez-de-Tejada et al. 1984, 1991,

1993]. In the Mariner 5 measurements it was pointed
out that the density and flow speed of the shocked solar

wind begin a strong decrease as the spacecraft

approached the Venus wake. These variations are
initiated across a sudden transition that extends

downstream along the flanks of the ionosheath and that

separates two different flow regimes between the inner
and outer ionosheath. Those early observations showed

that at this transition the speed and the density of the

Copyright 1995 by the American Geophysical Union.

Paper number 95JA00329.
0148-0227/95/95JA-00329505.00

flow in the inner ionosheath begin a steady decrease

together with a substantial drop of the magnetic field
intensity and an apparent increase in the temperature of

the local plasma.
Measurements conducted with the Venera 9 and 10

spacecraft show plasma variations in the Venus
ionosheath which are consistent with those reported

from the Mariner 5 experiment [Vaisberg et al. 1976;

Romanov et al. 1979]. In this case there is also evidence of

a significant decrease of the flow speed and a strong
increase in the plasma temperature beginning at a
transition that is encountered between the bow shock

and the ionopause. Changes in the local density or in the

magnetic field intensity across that transition were not

included in those Venera reports.

Information which further supports the presence of a

plasma transition in the Venus ionosheath was obtained
from the early analysis of the Pioneer Venus Orbiter

(PVO) measurements. This was first inferred from
measurements conducted with the electric field

detector onboard that spacecraft [Perez-de-Tejadaet

al. 1984]. Measurements carried out in a set of selected

orbits suggested that electric field signals detected in the
30-kHz channel of the electric field instrument may

14,523
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reflect sudden changes in the plasma properties of the
Venus inner ionosheath flow. This view was obtained

from measurements made with the PVO plasma

analyzer in that region of space [lntriligator, 1982].

From observations conducted with both instruments it

was argued that across a plasma transition located in the
Venus inner ionosheath the shocked solar wind is

significantly weaker than that in the outer ionosheath.

More recent studies [Perez-de-Tejada et al. 1991] have

shown that these changes represent a characteristic
feature of the flow conditions in the shocked solar
wind. As in the Mariner 5 measurements there are

indications in the PVO data that the variations in the flow

properties seen in the inner ionosheath are also
accompanied by a significant local decrease of the

magnetic field intensity [Perez-de-Tejada et al. 1993]. In

this case we find that the magnetic field between the

intermediate transition and the ionopause is oriented

along directions near the Sun-Venus axis (the magnetic

field acquires a strong draping configuration at the
intermediate transition in a configuration similar to that

reported by Fedorov et al. [1991] from studies of the

magnetic field data in the Venus far wake). Despite the
different character of the measurements made in the

Mariner 5, the Venera 9 and 10 and the PVO

experiments it is significant that in all of them the
plasma parameters at the intermediate transition exhibit

comparable and equivalent changes.

The work conducted on plasma wave activity and
electric field structure in the Venus plasma environment

was recently reviewed by Strangeway [1991]. A summary
of observations of the electric and magnetic fields
across the intermediate transition and across

ionospheric plasma clouds was also presented in that

study. Although in some instances the change in both
fields at the intermediate transition is similar to that seen

across plasma clouds the intermediate transition is

usually located farther away from Venus than plasma

clouds. While this issue will be discussed in a separate

study we wish to note that the drop of the magnetic field

intensity across the intermediate transition is different
from that observed around plasma clouds. In the latter

case the magnetic field intensity is low only in the

vicinity of plasma clouds. By contrast when an
intermediate transition is located the magnetic field

remains low throughout most of the region between

that boundary and the ionopause.

In addition to the electric and magnetic field variations

seen across the intermediate transition there is new

evidence suggesting that simultaneous changes in the

plasma flux intensity also occur across that feature. Below
we will examine this issue for the first time and show that

the electric and magnetic fields variations indicated

above are consistently accompanied by a distinct
enhancement in the plasma flux. Our results show that
the intermediate transition has now been identified

from the simultaneous observation of persistent changes

in the plasma properties measured in various PVO
orbits. The discussion is initiated with the preliminary

analysis of two PVO passes (corresponding to orbits 39

and 51) in which strong changes in the plasma flux and in
the electric and magnetic fields are detected as a

distinguishable intermediate transition. These cases
are further substantiated by the presentation of the

same plasma data in a comparative figure that better
exhibits their time association with the observed electric

and magnetic field variations. A similar analysis has also
been made for other PVO orbits including a set of six

additional passes (corresponding to orbits 52, 70, 72, 87,
120 and 530) which are also described in the text for a
better discussion of the intermediate transition

measurements.

Electric and Magnetic Field PVO Measurements

In the results reported earlier on the PVO plasma

properties of the Venus inner ionosheath [Perez
de-Tejada et al. 1991] it was noted that there is clear

evidence of electric field signals detected as a brief but

strong burst in the 30 kHz channel of the electric field

instrument. At the present time we have collected about

80 PVO passes in which that event appears as a separate

burst at positions located between the bow shock and the

ionopause. In most cases the 30-kHz burst occurs on an
otherwise flat 30-kHz electric field signature that
extends across the entire ionosheath and is associated

with noise detected in other (5.4-kHz and 100 Hz)
channels of the electric field detector. From the

examination of the magnetic field data associated with the

PVO passes where the 30-kHz electric field signals are
detected in the ionosheath it is found that in many of

them there is a local response that nearly coincides in
time with the electric field burst. When the 30-kHz burst

is observed there is evidence that the magnetic field

intensity drops severely and that its orientation rotates
to a direction nearly along the Sun-Venus axis. A

summary of 26 PVO passes in which these variations are
observed is presented in Table 1. In each case we have

indicated the time when the ionopause and the bow
shock are crossed and when the decrease of the magnetic

field intensity is observed at the intermediate transition

(the last two columns indicate the altitude and solar

zenith angle of the PVO at this latter crossing). While

there are examples corresponding to both the inbound
and the outbound passes, we find that the later are

dominant in the data set (note that in most of the cases
included the time difference between the ionopause

and the intermediate transition is larger than -3 min).
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Table 1. Plasma boundaries in the Venus plasma environment (the PVO altitude
and solar zenith angle are at the intermediate transition)

Orbit Ionopause Intermediate Bow Shock Altitude SZA
Transition

UT UT LIT km deg

23 outbound 1730 1737 1804 2531 107.5
35 outbound 1856 1902 1928 3686 114.9
39 outbound * 1913 1920 1940 3453 118.0
45 outbound 1944 1948 2014 4241 116.5
46 outbound * 1941 1950 2013 3833 118.9
51 outbound * 2003 2008 2029 3989 118.9
52 outbound * 2002 2009 2033 3605 121.6
60 inbound 1954 1950 1937 2516 92.4
70 outbound * 2022 2028 2049 3763 118.0
72 inbound * 1957 1953 1939 2121 102.3
79 inbound 1947 1941 1929 2472 100.8
83 inbound * 1936 1925 < 1921 3973 88.6
85 outbound * 1942 1959 2016 3242 113.9
87 outbound * 1944 1953 2008 3405 111.2
92 inbound 1913 1903 1849 2099 108.4
94 inbound 1900 1852 1839 3062 99.8
103 outbound * 1921 1928 1946 3180 100.5
120 inbound * 2013 2011 1938 2341 104.8
470 inbound * 1020 1017 11302 1380 82.2
494 outbound * 1115 1120 1142 3988 116.1
508 outbound ° 1057 1103 1123 4282 114.4
509 outbound * 1049 1058 1122 3662 118.9
530 outbound * 0948 0952 1009 3706 110.1
538 outbound * 1025 1027 1046 3632 105.8
552 inbound 1120 1115 1056 2980 104.2
562 outbound 1242 1246 1306 2186 95.3

* These are cases in which the plasma probe measurements made across the intermediate
transition show enhanced particle flux intensities.
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Two of the examples that best represent the observed

changes in the electric and magnetic field are the

outbound pass of orbits 39 and 51. The data of the latter

orbit was briefly discussed in a previous study [Perez

de-Tejada et al. 1995] and is further examined here to

more extensively analyze the behavior of the plasma

fluxes throughout the ionosheath. The electric field

noise seen in the 5.4 and 30-kHz channels and the

magnetic field components measured in orbit 39 are

reproduced in Figure 1. The vertical lines at - 1833 and

at -1858 UT in the inbound pass and at -1940 and

- 1913 UT in the outbound pass mark the position of the

bow shock and the ionopause as recorded along the PVO

trajectory. The electric field burst detected outbound at
-1920 UT occurs at a time when the magnetic field

components exhibit strong changes (the transverse

components By and Bz decrease strongly to low values
in the inner ionosheath and the Bx component changes

sign but remains strong). As a result the magnetic field

intensity BT drops substantially at that time and remains

low throughout most of the inner ionosheath. The label

"intermediate transition" at the top of Figure I marks the

changes in the electric and magnetic field seen at - 1920

UT.

The position of the ionopause and intermediate
transition detected outbound in orbit 39 are also

illustrated in Figure 2. The upper panel shows the

electron density profile obtained from the orbit electron

temperature plasma (OETP) measurements (L. Brace,

personal communication, 1992). The vertical arrow at

- 1920 LIT represents the intermediate transition which

occurs about 7 min after the ionopause. The distance

between both boundaries along the PVO trajectory is

approximately - 2000 km and implies that they may not

be directly connected in space. The lower panel of Figure

2 shows a general view of the position of the bow shock,

the ionopause and the intermediate transition in a plane
in which the vertical coordinate is the distance to the

Sun-Venus axis. The position of the intermediate

transition between the bow shock and the ionopause is

comparable to that indicated earlier from observations

conducted in other orbits [Perez-de-Tejada et al. 1991,

1993] and is consistent with the fact that it may appear far

from the ionopause.
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Figure 1. (upper) Electric field signals measured with the 30--kHz and 5.4-kHz channels of the electric field
detector of the PVO in the inbound and outbound pass of orbit 39. (lower) Magnetic field components Bx,
By, and B_ and magnetic field intensity Br measured during the inbound and outbound pass of orbit 39.
The inbound and outbound crossings of the bow shock and ionopause are indicated by the vertical lines
(the bow shock crossings are obtained from the electric and magnetic field data and the ionopause
crossings from the electron density data).

The electric and magnetic field data measured during

the inbound and outbound crossings of the Venus

ionosheath in orbit 51 are presented in Figure 3. The

behavior of the 30 and 5.4--kHz electric field signals and

the magnetic field components seen in the outbound pass

of this orbit is similar to that of the outbound pass of orbit
39. We note first of all that in addition to the vertical

lines at -2004 and at -2029 U_, which mark the

outbound crossings of the ionopause and bow shock,

there are distinct signals at -2008 UT consistent with

the presence of the intermediate transition in the

outbound pass. The intense 30--kHz noise detected

upstream from the bow shock in both the inbound and

outbound passes (at < 1919 UT and at > 2030 UT) is

far stronger than that seen in orbit 39. Also notable is
the correlation between the enhancements seen at-

2008 UT in the 30 and 5.4-kHz electric field noise and

sharp changes in the magnetic field components (we

note a sharp drop in the By component, while the Bx

component rotates and remains dominant in the vicinity
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Figure 2. (upper) Electron density profile obtained from the OETP instrument of the PVO across the
Venus ionosphere during orbit 39. The position of the ionopause at ~ 1855 UT (inbound) and at - 1913 UT
(outbound) is indicated by the vertical lines (the intermediate transition detected at ~ 1920 UT is described
by the vertical arrow). (lower) Trajectory of the PVO in orbit 39 projected on one quadrant of a plane in
which the vertical coordinate is the distance to the Sun-Venus axis. The approximate position of the bow
shock, the intermediate transition, and the ionopause detected along the PVO trajectory are also indicated.

of the intermediate transition). As in orbit 39, the

magnetic field intensity decreases substantially at the
intermediate transition and keeps low values between this

boundary and the ionopause.

The time and space position of the intermediate

transition and the ionopause in orbit 51 are presented in

Figure 4. The upper panel shows the electron density

profile and the relative position of the ionopause and
the intermediate transition detected in that pass. As in

the data of orbit 39, the intermediate transition occurs a

few minutes after the ionopause so that the distance

between both boundaries along the PVO trajectory in this

orbit is also similar. The lower panel of Figure 4 describes

the geometry of the bow shock, the ionopause, and the

intermediate transition as detected in the outbound pass

of orbit 51.

PVO Plasma Measurements

Independent of the electric and magnetic field

measurements conducted during orbits 39 and 51 there is

a substantial amount of PVO plasma data that is

connected with the observations shown in Figures 1--4. A

composite of three ion energy spectra recorded in each

pass is presented in Figures 5 and 6. The starting time of

the measured spectra is indicated in each curve and their

time extent is described by horizontal lines above the

magnetic field intensity profile shown in Figures 1 and 3.

In each spectrum of Figures 5 and 6 there are - 12 s (1

spacecraft revolution)between measurements made at

successive energy per unit charge (E/q) steps. The first

spectrum in both orbits applies to the inner ionosheath
and the second and third spectra to the outer
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Figure 3. (upper) Electric field signals measured with the 30-kHz and 5.4--kHz channels of the electric field
detector of the PVO in the inbound and outbound pass of orbit 51. (lower) Magnetic field components Bx,

By, and B, and magnetic field intensity Br measured during the inbound and outbound pass of orbit 51.
The inbound and outbound crossings of the bow shock and ionopause are indicated by the vertical lines

(the bow shock crossings are obtained from the electric and magnetic field data and the ionopause

crossings from the electron density data).

ionosheath (the PVO position at the time when the

spectra I and II were calculated is indicated by the boxes
added to its trajectory in the lower panel of Figures 2

and 4). Spectra II and III in Figures 5 and 6 show a general

similarity in the energy of their peak values even though
their local flux intensity can be different. On the other

hand, the first spectrum in both passes has an overall

different shape, and its peak flux is shifted to higher

energies. Note in particular that in orbit 51 the dominant

fluxes of spectrum I involve energies much higher and

peak intensities substantially lower than those of spectra
II and III.

The most notable property of spectrum I shown in

Figures 5 and 6 is the fact that its peak flux occurs very
nearly at the time when the intermediate transition is
identified from the electric and magnetic field data.

Useful times along that spectrum are indicated by the

letters A, B, and C in Figures 5 and 6 with position B
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Figure 4. (upper) Electron density profile obtained from the OETP instrument of the PVO across the
Venus ionosphere during orbit 51. The position of the ionopause at - 1938 UT (inbound) and at - 2003 UT
(outbound) is indicated by the vertical lines (the intermediate transition detected at - 2008 UT is indicated
by the vertical arrow). Note that the timescale in this profile is different from that in the upperpanel of
Fig. 2. (lower) Trajectory of the PVO in orbit 51projected on one quadrant of a plane in which the vertical
coordinate is the distance to the Sun-Venus axis. The approximate position of the bow shock, the
intermediate transition, and the ionopause detected along the PVO trajectory are also indicated.

indicating that of the peak flux. For example, in the

outbound pass of orbit 39 (Figure 5) the peak flux of

spectrum I was detected at 1920:16UT within a-90s-

10ng time interval in which enhanced fluxes were

recorded (between 1919:30 and 1921:00 UT). The time

position of the peak flux measured in this spectrum

coincides with that shown in the upper panel of Figure 1

where a strong 30-kHz electric field burst was detected

outbound in the ionosheath. The same agreement is

found for the sudden drop of the magnetic field intensity

and the strong rotation of the magnetic field orientation
that is seen at the intermediate transition. From the

comparison of the data shown in Figures 1 and 5 it is

apparent that evidence for the intermediate transition is

available not only from the electric and magnetic field

measurements butalso from the plasma flux data analysis.

A similar agreement in the results of all three PVO

experiments is also present in Figure 6 for the outbound

pass of orbit51. In this case the peak flux of spectrum I is
detected at 2008:15 UT within a nearly 1 rain-long time

interval of enhanced plasma fluxes (between 2008:00 and

2009:00 UT). As shown in the top panel of Figure 3, the

peak fluxes of spectrum I occur at the time when a strong
30-kHz electric field burst was detected within the

ionosheath. The same is true for the sudden drop in the

magnetic field intensity and the rotation of the magnetic
field orientation. All these variations occur nearly

simultaneously and thus suggest that the feature
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intermediate transition reported from the electric and magnetic field measurements).

identified as the intermediate transition in the outbound

pass of orbits 39 and 51 is also evident in the plasma data.

Time Distribution of the PVO Plasma Data

An analysis of plasma properties similar to that

presented in Figures 5 and 6 has been conducted on other

PVO orbits. From those orbits included in Table 1 we

have collected 17 cases in which the plasma probe

measurements made across the intermediate transition

show particle flux intensities with variations comparable

to those described above (these are labeled with the

asterisk * in Table 1). In this sense the relation between
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Figure 6. Ion energy spectra measured with the PVO plasma instrument throughout the Venus ionosheath

during the outbound pass of orbit 51. Each spectrum shows the starting time of the energy measurements
and the entire timing is indicated by the horizontal lines above the magnetic field intensity profile shown

in the lower panel of Figure 3 (positions A, B, and C in spectrum I mark the time interval across the

intermediate transition reported from the electric and magnetic field measurements).
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the changes observed in the electric and magnetic fields
and those in the particle flux intensity inferred from

the study of the orbit 39 and 51 plasma data are

representative of a behavior well documented in other

PVO passes. The 9 cases not selected in the 26 listed in
Table 1 are those in which the PVO plasma probe did

not conduct measurements in the energy range where

plasma fluxes are observed at the intermediate transition.
In order to better substantiate the identification of the

intermediate transition in terms of concurrent variations

in the electric and magnetic fields together with those

observed in the plasma fluxes we have displayed the

energy spectra in plots in which the particle flux intensity

is given as a function of time. This enabled us to show

plasma profiles on the same time scale as that of the

electric and magnetic field data thus allowing for an

accurate time comparison among all three measurements.

Below we present these results for eight selected PVO

orbits including the outbound pass of orbits 39 and 51.

These two latter cases are reexamined in Figure 7 where

the curve in the upper panel replaces the flux intensity

measured in spectrum I of Figures 5 and 6. The time

interval is in the vicinity of the intermediate transition

identified from the 30-kHz electric field burst (bottom

panel) and the magnetic field intensity profile (middle

panel) of Figures 1 and 3. As noted earlier both cases
show a notable agreement between the time location of
that feature and the time interval where enhanced plasma

fluxes are recorded. The most notable result is the fact

that strong plasma fluxes are measured at the time when
the main decrease in the magnetic field intensity is
observed.

Comparable conditions are also obtained from the

analysis of the plasma data of orbits 52 and 70 which are

presented in Figure 8. In these cases the intermediate
transition is also detected as a well--defined feature

observed in the electric and magnetic fields and in the

plasma fluxes. This is observed at - 2009 UT in orbit 52
and at- 2028 UT in orbit 70 when the magnetic field

intensity (middle panel) exhibits a large decrease within

the ionosheath. An agreement is also noticeable in the

time position of the intense plasma fluxes and the
electric field burst seen in the 30-kHz channel shown in

the lower panel. Despite the fact that in both cases the

latter signals are also detected up to 2 min away from the

enhanced plasma fluxes no comparable fluctuations in
the electric field are found in other regions of the

ionosheath.
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A third pair of orbits with a similar arrangement is

presented in Figure 9. In the inbound pass of orbit 72 the

crossing of the intermediate transition (at - 1953 UT) is
evidenced by the agreement in the observation of

enhanced plasma fluxes and the strong decrease of the

magnetic field intensity that begins nearly at that time.

The same is true in the outbound pass of orbit 87 where

intense plasma fluxes (at - 1952:30 UT) occur within the

magnetic field gradient. A discussion of the variations

seen in this latter case was presented in a previous

report [Perez-de-Tejada et al. 1993]. However, the data in

Figure 9 expresses more clearly the simultaneous
observation of enhanced plasma fluxes (upper panel), the

strong drop of the magnetic field intensity (middle

panel), and the enhanced noise detected in the 30-kHz
electric field channel (lower panel).

Two useful additional examples in which the plasma

and the electric and magnetic field data exhibit
concurrent variations across the intermediate transition

are described in Figure 10. Once again, we can identify

that the large enhancement in the plasma flux intensity

measured in the inbound pass of orbit 120 (at -2011 UT)

and in the outbound pass of orbit 530 (at -0952 UT)

occurs nearly at the time when the magnetic field

intensity shows a strong decrease from values seen in the

outer ionosheath. A similar agreement between the

enhanced plasma fluxes and an appreciable increase in

the 30-kI-Iz electric field noise is also evident in both

cases. We should also emphasize here that as in the

previous examples no concurrent changes in the electric

and magnetic fields and in the plasma data are observed

anywhere else within the ionosheath.

Discussion

Much of what has been presented here is also applicable
to other PVO orbits. So far we have completed a similar

plasma data analysis on those orbits of Table 1 marked
with the asterisk. In all of them we find that the

most severe changes seen across the ionosheath in the

magnetic field measurements and in the 30-kHz electric
field noise occur at the time when enhanced plasma

fluxes are recorded. The cases that were not studied in

Table 1 correspond to situations in which the plasma

probe did not measure the peak flux of the energy

spectrum at the time when the intermediate transition
was detected. Using the set of PVO orbits of Table I with

evidence of this transition in the plasma and magnetic

field data we have compared the peak particle flux and

the peak magnetic field intensity measured across that
feature. The results of this comparison are shown in

Figure 11. The data points indicate that the particle flux

shows a general increase with the peak magnetic field
intensity but no preferred value range for any of these

two quantities is evident in that figure. With the plasma
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Figure 11. Peak particle flux intensity and peak magnetic field

intensity measured at the intermediate transition in 17 PVO

passes of Table I.

flux and the electric and magnetic field profiles shown in

Figures 7-10 we conclude that there is now a wide range

of experimental information supporting the existence of

the intermediate transition.

Arguments related to the presence of this transition in

the Venus ionosheath have been advanced in connection

with the dynamics of gasdynamic flows streaming around

obstacles. In that view the intermediate transition may

represent the outer boundary of a friction layer that is

produced through the anomalous transfer of solar wind

momentum to the Venus ionospheric plasma [Perez

de-Tejada, 1995]. While studies are required to examine

the origin of this process it is necessary to resolve whether

the properties of the intermediate transition are adequate

to that interpretation. For example, an alternative view of

that transition may be related to the observation of plasma

clouds near the magnetic polar regions of the Venus

plasma environment [Russell et al. 1982, Scarf et al. 1985].

In this case the Bx component would be required to

reverse polarity as in the outbound pass Of orbit 39 (Figure

1). We should note, however, that in many PVO passes the

Bx component does not reverse polarity at the

intermediate transition. A further examination of this

issue will be addressed in a separate study.

The presence of the intermediate transition in the inner

ionosheath may also be relevant to examine a similar

feature in the Mars plasma environment. Measurements

conducted with instruments onboard the Phobos

spacecraft [Lundin et al., 1990a,b, 1991] indicate the

presence of a feature in the Mars magnetosheath with

properties similar to those of the intermediate transition

in the Venus ionosheath. A strong velocity shear is

observed beginning at that transition with a change in the

plasma composition from mostly solar wind particles

outside to a population dominated by particles of

planetary origin below. At that feature the magnetic field

also exhibits changes that are similar to those detected

across the intermediate transition in the Venus inner

ionosheath [Sauer et al., 1992]. Further studies are

required in order to compare the properties of this

transition in the Venus and Mars plasma environments.

At Venus this should involve the analysis of the data of

more PVO orbits including the distribution of thermal

and suprathermal ions between the ionopause and the

intermediate transition.
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Spatial distribution of electron plasma oscillations

in the Earth's foreshock at ISEE 3

E. W. Greenstadt, _ G. K. Crawford, 2-3 R. J. Strangeway, 4 S. L. Moses, _

and F. V. Coroniti I

Abstract. Electric field oscillations recorded by the 10-56 kHz channels of TRW's

plasma wave detector during parts of two of the ISEE 3 circumterrestrial orbits in 1983

have been used to make the first mapping of Earth's electron plasma wave foreshock. By

combining data from the two trajectory segments, each of which provided relatively

meager spatial sampling outside the bow shock, but high variation of interplanetary

magnetic field (IMF) direction, a first-order pattern of occurrence of electron plasma

waves, hence also backstreaming electrons, has been determined. We depict the pattern

with an adaptation of the mapping program previously used for the Venus electron

foreshock. As at Venus, plasma wave activity was concentrated most densely along the

IMF line tangent to the bow shock where energized electrons stream against the solar

wind from the quasi-perpendicular part of the shock. The size of the Earth's electron

plasma wave foreshock, however, is vastly greater than that of Venus, implying that a

foreshock's dimension scales with the size of its diamagnetic obstacle and associated bow

shock. Our mappings with three additional ISEE 3 channels surrounding the local electron

plasma frequcncy indicate a richer distribution of waves in the foreshock than the single

electron frequcncy channel of Pioneer Venus Orbiter could detect around Venus.

Introduction

Electron plasma oscillations in the solar wind outside the

Earth's bow shock were discovered and related to the shock

system more than two decades ago [Scalfet al., 1971; Fredricks

et al., 1971 ]. Yet these waves were not mapped in any system-

atic way in any foreshock until thc extensive recent study of

waves at the electron plasma frequency]),,, in Venus" foreshock

[CrtmJbrd et al., 1993a, b: Strangeway attd Crab, ford. 1995a, b].

In this report wc present the first attempt to map the Earth's

electron plasma wave (pw) foreshock.

During some of its lengthy Earth-orbiting passes in 1983,

ISEE 3 sampled the foreshock over distances that encourage

investigation of the spatial distribution of plasma waves. We

adapted the methods of CrawJbrd et al. [1993] to the ISEE 3

data set in order to map the distribution of electron plasma

oscillations in the Earth's foreshock and compare the results

with those obtained at Venus. Figure 1 shows the trajectories

of the two passes of ISEE 3 used in this study.

Processing

Compressed plasma wave spectrograms were created from

ISEE 3 TRW records bv selecting peak readings every. 360 s

and defining a common color scale for all frequencies covering

the full range ol voltages. The spectrograms showed a clear
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separation between ion acoustic range (IAR) activity at fre-

quencies less than 10 kHz and signals near the electron plasma

frequency, which were almost always confined to the 1% and

31-kHz channels.

Simultaneous values of the interplanetary magnetic field

(IMF) B..... in the solar wind were taken from either high-

resolution measurements made available at TRW by Jet Pro-

pulsion Laboratory (JPL) or averaged values from the data

pool tapes at University of California at Los Angeles (UCLA),

all derived from the ISEE 3 JPL magnetometer. Electron den-

sities N,. were obtained from Los Alamos National Laboratory.

(LANL) measurements in the common pool data at UCLA.

Because source data from these three instruments were not

recorded with a common sampling interval, merged data sets

of pw, magnetic field, and electron density data were created

by finding the peak pw amplitude in the channel in which fv;

fell during each 360-s interval. The time of the peak was then

redefined as the center time of the interval, and the corre-

sponding 360-s-average values of B = IB,.,,.I and N,. were

computed using a triangular filter with vertex at the center

time. The 360-s sampling period was chosen as the highest time

resolution obtainable while still smoothing out shorter-period

waves and perturbations of the IMF that do not contribute to

global movements of the foreshock.

Data and Their Intervals

ISEE 3 plasma wave data derive from the TRW/University

of Iowa instrument described by Scarlet al. [1978]; electron

densities were obtained from measurements by the Los

Alamos instrument on ISEE 3 [Bame et al., 1978] provided in

the ISEE 3 data pool tapes: magnetic held data are from the

ISEE 3 JPL magnetometer [Frandsen et al., 1978]. Plates 1 and

2 display the magnetic held, plasma density, and pw spectro-

grams of the 17- and 31-kHz channels for the September and

December passes, respectively. During most of the September

19,933
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Figure 1. The late September and December trajectory seg-
ments show the locations of the spacecraft relative to the

nominal bow shock and foreshock boundaries corresponding

to the most common IMF stream angle. The ISEE-C space-
craft was referred to as ISEE 3 after launch and renamed

Interplanetary Comet Explorer (ICE) after its final gravity
assist toward comet Giacobini-Zinner, which occurred before

day 357. All plotted curves are in a solar ecliptic coordinate

system adjusted for nominal 4 ° solar wind aberration, indicated

by notation xab.yab.

interval, which began with an interplanetary storm interval and

ended just after ISEE 3 entered the bow shock (Plate 1, B

plot), the ambient density in the foreshock tended to placefp,.

in the 17-kHz channel. We indicate this by the dashed hori-

zontal lines in the density panel of Plate 1. The density during

the December pass (Plate 2) placed J),,. between the 17- and

31-kHz center frequencies of the two plotted channels (dashed

lines again), but the 31-kHz channel was the most active, as we

verify below.

The spatial coverage of the ISEE 3 trajectories illustrated in

Figure 1 was admittedly quite limited. However, despite the

relatively small track of the absolute space sampled by the orbit

segments, the orientation of the IMF underwent sufficient vari-

ations to have shifted the foreshock's tangent surface and ori-

entation to the shock appreciably in response to the IMF's

changes. The spacecraft therefore typically occupied different

regions of the foreshock even during short segments of its

trajectory. Thus large variations in IMF direction enabled

ISEE 3 to sample a vast volume of the foreshock in normalized

coordinates [Greenstadt and Baum. 1986] making the mapping

study meaningful as we shall illustrate. The most common

direction of the IMF, at least in the September pass, was about

0 ° latitude and -45 ° longitude, corresponding to the nominal

direction of the IMF and location of the foreshock in the

sketch of Figure 1.

Combined Data Set

The program developed for the Pioneer Venus Orbiter's

(PVO) mapping of Venus" foreshock used the 30-kHz channel

of its pw instrumcnt when investigating f,,. emissions, since

none of the other three channels included a likely electron

plasma frcqucncy. To employ this code at the Earth, we had to

account forJ),,, occurring principally in either of two of several

channels of the ISEE 3 instrument, as depicted in our Plates t

and 2. We sought to combine the ISEE 3 September and

December sets in order to obtain uniform coverage over a

larger volume of the foreshock than either set provided by

itself. We therefore merged data sets with attention to the

appropriate filter channel applicable at every sampling interval

in either set. We sought to determine the appropriate channels

by using independent measurements of electron density to

decide which channel should have contained each peak ampli-

tude sample.

For each interval in either pass, we determined the channel

whose center frequency f,h was closest on a log scale to J),,,,

determined independently from N,,. We then defined a virtual

"ft, e channel" and assigned it to the wave amplitudes measured

in the closest channel to fro'" During the September pass, the

great majority, and the largest, of the J),e signals fell in the

17-kHz channel, in accord with the indication of fro. = 17 kHz

most of the time in the N,. panel of Plate 1. The bulk of the

measured amplitudes in adjacent channels were at least an

order of magnitude smaller, and most of those signals can be

attributed to attenuated readings due to overlapping channel

bandwidths. Similarly, during the December pass, the bulk of

theft, e signals and the highest amplitudes were recorded in the
31-kHz channel, consistent with the density plot of Plate 2,

with amplitudes again exceeding those in the adjacent channels

by more than an order of magnitude. Since the ranges of peak

amplitudes in the most common corresponding channels of the

September and December data were approximately the same,

no disparity was introduced by intermingling readings from

either set that occurred at the same mapped location in the

normalized foreshock coordinate frame described in the next

section. We therefore merged measurements from the two sets

into a single database without regard for which pass they came

from.

Mapping

The instantaneous position of BEE 3 and orientation of the

IMF produce a unique foreshock geometry and idealized one-

point map corresponding to each datum. A comprehensible

map of all the observations must therefore be constructed on

an idealized common foreshock diagram. Our normalized con-

ceptualization was obtained using depth from the instanta-

neous tangent field line to the spacecraft, and distance from

the tangent point to the aberrated (-4 °) X line through the

spacecraft in solar foreshock coordinates (SFC), using the bow

shock model of Greenstadt and Baum [1986] [Crawford et al.,

1993]. Idealized positions so derived were then plotted on a

single diagram with the nominal shock and tangent IMF line

appropriate to the Earth. Our mappings of the Earth's J),_,

foreshock, using normalized foreshock coordinates on a com-

mon diagram of the nominal IMF at 45 ° stream angle and

nominal shock, appear in Plate 3.

Because of the relatively small population of points provided

by ISEE 3, we divided the normalized plane into 20 × 20 R_

squares overlapping one another on a 10 x 10 grid. Our data

set for each square was the set of all points that fell in that

square from the combined database. We represent the activity

in each 20 x 20 square by the ninth decile of peak wave

amplitudes of the points that fell in the square. The represen-

tation consists of a color corresponding to a value from the

actual range of amplitudes in the database. Thus the color of

each square corresponds to the amplitude below which 90% of

the measurements in that square fell. according to the accom-

panying color scale. The overlapping squares are intended to
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Plate l. Magnetic field, pw, and density data for the September 25 to October I, 1983, pass of ISEE 3, days 268-274 on the

bottom time axis. First panel from the top, below the color strip showing the log amplitude scale of pw signals: the magnitude

of the IMF; second, SEC latitude of the IMF: third, SEC longitude of the IMF; fourth (color panel), amplitudes of pw signals

in two channels enclosing the electron plasma frequency; bottom, solar wind electron density. IMF data are 6-min averages: pw

data are 6-rain peaks of wave amplitude in units of log(V/m), not normalized for channel bandwidth. An interphmetary storm,

in progress when the depicted interval began, ended about midway through day 269; the spacecraft entered the bow shock where

the plot of magnitude ended, top panel, about 0301), day 274.
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Plate 2. IMF, pw, and density data for the December 22-27. 1983. pass of ISEE 3, days 356-361 on the
bottom time axis. Panels in the same order as in Plate 1.

smooth the color transitions from square to square of the

graph.
The combined coverage from the two passes in Plate 3a

illustrates, via the corresponding color bar, the relative scarcity

of normalized spatial samples and the concentration of the

densest sampling east and west of, and just upstream from, the

shock's vertex. In striking contrast, the locations of maximal pw

amplitude in the J),,. map of Plate 3b provides a persuasive

demonstration that maximal excitation of electron plasma

waves occured along or behind the tangent field line for each

contributing element of the map, within the accuracy of the

collection boxes and the uncertainties imposed on the mapping

procedure bv the limited data sample. Clearly, there is an

unexpected and improbable excursion of the highest wave am-

plitudes into the solar wind ahead of the model tangent field

line. Other high-resolution individual observations of back-

streaming electrons and electron oscillations have found a rel-

atively sharp boundary at that line. Since neither the nominal

bow shock model nor its location was corrected for solar wind

variations, some scatter may have been introduced into the

map by the September storm of days 267 and 268, which could

have raised ft,,. by one or two channels. The storm could also
have introduced some interplanetary, plasma oscillations and

changed the Mach number from its assumed average, moving

the bow shock from its nominal position.

A short list of other plausible causes of geometrical degra-

dation would include routine variations of B,w and V,,, direc-

tions under normal, nonstorm solar wind conditions. The same

inspection of Plates 1 and 2 that reveals the variations of field

angles that enabled us to generate any map at all from the

restricted trajectory locations also shows how much short-term

variation there was in the representations of these quantities as

360-s averages. Each variation changes the B-X plane and the

tangent line direction in which the electrons stimulating the

corresponding pw peak-value travel. Moreover, the instanta-

neous direction of B_,,. at the time of the peak pw signal within

each 360-s interval need not equal the average direction of B_,,

for the interval. Small variations in B,w and V,,. orientations

can swing the instantaneous tangent lines appreciably away

from the model used to overlay the measurements. Ideally, we

would have isolated subsets of measurements for restricted

geometric combinations, but the meager data base could not

have supported meaningful results unless we also enlarged the

mapping boxes and thus vitiated the effort. We believe these

almost certain contributions of uncertainty make the inferred
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concentration of]),,, occurrence near the tangent line in Plate

3b all the more credible.

Plates 3e and 3d are mappings of the foreshock similarly

constructed, respectively, from combined data sets of pw am-

plitudes in the channels above and below the fp,. channels; i.e.,

primarily from the 31 (>17) kHz and 56 (>31) kHz data

channels of the September and December intervals, respec-

tively, in Plate 3c; and primarily from the 10 (<17) kHz and 17

(<31) kHz data channels of the September and December

intervals, respectively, in Plate 3d. We see that the amplitudes

of off-J),,, signals in both Plates 3c and 3d were well below those

in the /),,.-channel map in Plate 3b and formed somewhat

different patterns with highest amplitudes around the conjunc-

tion of the bow shock and IMF tangent line, thus filling in a

section of the tine uncmphasized by red in the map of Plate 3b.

There was also a concentration of signals in the downstream

foreshock in Plate 3d.

The result compares well with the earlier mapping of the

VenusJ),,.-toreshock [CrawJbrd et al., 1993a], if we allow for the

striking difference in the huge scale of the foreshock at Earth

relative to Venus. The small rectangle at lower left of Plate 3b

defines the size of the entire depicted box in the earlier Venus

figure [Crawford et al., 1993a], of which the actual mapped area

occupied only a portion, just as it does in the ISEE 3 panel.

The region of most intense electron plasma oscillations, at

PVO's only available f_,e channel of 30 kHz, occurred in the

Venus foreshock close to the tangent IMF line, as mapped-in

a foreshock normalized to the typical IMF orientation at Ve-

nus in the SFC frame. The most common strong electron

plasma wave activity in the Earth's foreshock also occurred at

or close to the tangent IMF line, in the SFC frame normalized

for the Earth. However, despite their vastly greater scale, the

ISEE 3 passes covered insufficient distance to reveal the up-
stream limit of the waves. In contrast, the PVO orbits allowed

the data to show that the strong activity ran out about 16 Rv

upstream along the line from the tangent point, and Venus'

region of concentration was sharply confined in both distance

along, and depth from, the tangent line.

The number of ISEE 3 samples at Earth was more than an

order of magnitude smaller than the number of PVO samples

at Venus, and the satellite's passes provided insufficient cov-

erage to continue our statistical mapping at all distances. Our
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mapoftheninthdecileofamplitudessimplycannotoccupythe
partoftheareaofcoveragewheretherewere,say,fiveorfewer
samplesaccordingtocolorscaleofthespatialdistributionof
samples(Plate3a).Weseeonlythattheregionof Earth's
intensepwactivity,extendedtoatleast100RE. Since Rv

RE, Earth's electron foreshock boundary extends 6 or more

times farther from its corresponding tangent point in absolute

distance than does that of Venus.

The region behind Earth's electron foreshock boundary also

contrasts with that of Venus, in that an appreciable amount of

pw activity down to an order of magnitude less than peak

amplitude continued well downstream from the boundary, as

in Plates 3c and 3d. At Venus, the downstream foreshock

appeared essentially invisible at the electron plasma frequency.

However, the ISEE 3 instrument was far more sensitive than

that of PVO, so amplitudes at Earth of 10 -4 V/m, which

translate to intensities of -10-12 (V/m)2/Hz (with 15% chan-

nel bandwidth) at Venus, would have produced the apparent

minimal activity close to background at the latter planet. Craw-

ford et al. [1993b] speculated that sub-ft,,. (so-called "down-

shifted") activity in the foreshock, similar to that identified at

Earth by Fuselier et al. [1985], may have occurred at frequen-
cies for which the PVO detector had no channel. We can

attempt to understand the downstream effect in the present

mappings with help from the more recent Galileo flyby of

Venus [Hospodarsky et al., 1994], as we shall discuss.

Discussion

The data suggest that Earth's region of high amplitude ex-

tends at least to about 100 R E, perhaps beyond the ISEE 3

sampling region. Thus the 14-to-I magnification of the Earth's
shock size over that of Venus seems to influence the scale of

the Earth's electron foreshock. On a microscopic level the

solar wind conditions at Venus and Earth do not differ signif-

icantly. Hence the parameters important to the microphysics of

the plasma oscillation instability (e.g., electron temperature,

electron beam density, and velocity) should be roughly com-

parable for nominal solar wind states. The large difference in

the extent of the wave activity between the two planets shows

that the macroscale properties of the foreshock are controlled

by macroscopic and not microscopic phenomena. Thus the

extent to which plasma oscillations are detected away from the

shock, where the beam originates, is dependent on the size of

the shock/solar wind interaction region more than on the pa-

rameters of the instability. We may speculate that if the scaling

were by simple linear size multiplication, the Earth's zone of

intense signals could reach 200 R E (-14 x 16) along the

tangent IMF, on an absolute scale of subsolar shock distances

D, where DE_,r,h _ 14Dr .... . If the scaling were by radius of

curvature, r, Earth's zone could reach 168 R E (10.5 × 16),

since rz,,r,h _ 10 rv_ .... and R E 1.05 R v [Strangeway and

Crawford, 1995b].

Since the macroscopic solar wind at Earth does not differ

appreciably from that passing Venus. and Earth's bow shock is

only moderately stronger than Venus', a possible reason for

the enlarged fz,,.- (i.e., electron) foreshock at Earth is that drift

acceleration along the quasi-perpendiclar section of Earth's

much larger bow shock results in greater energies [Strangeway

and Crawford, 1995b], densities, and quantities of electrons

escaping upstream from the tangent field point. Some of the

comparative flood of Earth's counterstreaming electrons may

penetrate farther into the solar wind before the plasma wave

excitation by their interaction with the solar wind reduces to

background. We know that energetic electrons themselves

reach as far as 240 R e upstream close to the tangent field line

[Anderson. 1981].

The data further suggest that Earth's pw, hence counter-

streaming electron, foreshock extends, at some reduced level,

throughout a large region behind the boundary, not revealed in

the Venus map. One implication is that the ISEE 3 instrument

may have recorded the same sub-ft,_ electron plasma oscilla-

tions dropping in amplitude and frequency with distance be-

hind the boundary as in the earlier study of "downshifting" by

Fuselier et al. [1985] and in the recent report by Hospodarsky et

al. [1994]. We have not resolved the open questions within the

scope of this study, partly because limitations of the ISEE 3 pw

instrument prevent detailed observations analogous to those

from Galileo at Venus. The difficulty can be readily appreci-

ated by a glance at Figures 3 and 4 of the Hospodarsky et al.

report with the discrete frequency spacing of the ISEE 3 chan-

nels in mind. If this explanation holds, however, then the or-

ange shaded part of the mapping at (X > 10, Y < -60) R E

in Plate 3b, which came from the September pass at 17 kHz,

would imply the existence of extensive pw activity, withf < fp_

downstream from the tangent line.

The new results on upstream Langmuir waves at Venus

[Hospodarsky et al., 1994] offer a more detailed comparison

between the foreshocks of the two planets than previously

available. Using high-resolution, high-sensitivity measure-

ments from Galileo's pw experiment as it passed Venus, Hos-

podarsky et al. have demonstrated that Langmuir waves both

atft,,, and at higher and lower frequencies persist downstream
from the foreshock boundary for similar values of depth used

in constructing the PVO maps, where no apparent activity was

registered by PVO's more limited detector. The report by

Hospodarsky et al. therefore presents a more complicated

electron foreshock at Venus than that disclosed by PVO, which

measured only the more intense pw activity, and proposes,

without resolution, a number of explanations for the pw be-

havior there, including multispecies contributions, as we have

mentioned above.

The multispecies proposal is compatible with our maps.

While Earth's quasi-parallel magnetosheath may supply a

much more intense stream of escaping hot electrons in the

deep foreshock than does that of Venus, and these could

produce overlapping beams of accelerated and heated elec-

trons, the quasi-parallel shock certainly returns ion streams to

the foreshock, causing a corresponding region of IAR pw ac-

tivity along with the welt-known ULF wave signals. The 5.4-

kHz map at Venus [Crawford et al., 1993a; Strangeway and

Crawford, 1995b] and the depth of the forward boundary of the

large bright region in our f < ft, e map (Plate 3d), support a

counterstreaming ion as well as electron influence in the deep

foreshock. Combined effects are plausible.

Our results here encourage some useful first-order conclu-

sions:

1. The respective foreshock pw activity, hence solar wind-

electron interaction regions, scale according to the size of the

respective planetary obstacles.

2. ISEE 3-Galileo similarities imply comparable results can

be obtained from study of either foreshock.

3. Frequency-dependent maps such as those obtained from

PVO and ISEE 3 pw records supply a valuable global context

in which to interpret the physics of foreshock particle popula-

tion interactions and instabilities.
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Expansion of the database is necessary, to improve the res-

olution of the mapping and determine whether the electron

foreshocks truly differ at the two planets. Augmentation with

electron data will be necessary, to resolve the reason(s) for

differing wave characteristics, if any, at Earth and Venus. The

Galileo results suggest that more complicated and comprehen-

sive maps than those derived from PVO or [SEE 3 so far

should compare differences in patterns produced by a wide

range of frequencies, including those observed simultaneously

in wide-band, high-resolution spectrograms, and taking into

account the differences in IMF angle at the two planets. Spec-

tral pw details and maps of reverse-streaming electrons and

ions need to be combined. The imprecision of our maps and

the uncertainties of their construction noted in the second

paragraph of our mapping section above make it clear that a

definitive mapping of the Earth's foreshock remains to be

accomplished.

Acknowledgments. The magnetic field data are from the JPL in-

strument of ISEE 3, courtesy of Ed Smith. Support for the UCLA

contribution ','_as bv NASA grant NAGW-3497. Work at Kyoto was

supported by a Japan Society for the Promotion of Science Fellowship.
The Editor drunks R. J. (3rard and another referee for their assis-

tance in evaluating this paper.

Crawford, G. K., R. J. Strangeway, and C. T. Russell, VLF emissions

in the Venus foreshock: Comparison with terrestrial observations, J.

Geophys. Res., 98. 15,305. 1993b.
Frandsen. A. M. A.. B. V. Conner, J. van Amersfoort. and E. J. Smith,

The ISEE-C vector helium magnetometer, IEEE Trans. Geosci.

Electron.. GE-16. 195, 1978.
Fredricks. R. W., F. L. Scarf, and L. A. Frank, Nonthermal electrons

and high-frequency waves in the upstream solar wind, 2, Analysis

and interpretation. J. Geophys. Res., 76, 669. 1971.
Fuselier, S. A., D. A. Gurnett. and R. J. Fitzenreiter, The downshift of

electron plasma oscillations in the electron tk)reshock region, J. Geo-

phys. Res., 90, 3935, 1985.
Greenstadt, E. W., and L. W. Baum, Earth's compressional foreshock

boundary revisited: Observations by the ISEE t magnetometer, J.

Geophys. Res., 91, 9001, 1986.

Hospodarsky, G. B., D. A. Gurnett, W. S. Kurth. M. G. Kivelson, R. J.

Strangeway, and S. J. Bolton, The fine structuree of Langmuir waves
observed upstream of the bow shock at Venus, J. Geophys. Res., 99,

13,363, 1994.

Scarf, F. L., R. W. Fredricks, L. A. Frank, and M. Neugebauer. Non-

thermal electrons and high-frequency waves in the upstream solar
wind, 1. Observations, J. Geophys. Res.. 76, 5162, 1971.

Scarf, F. L., R. W. Fredricks, D. A. Gurnett, and E. F. Smith, The

ISEE-C plasma wave instrument, IEEE Trans. Geosci. Electron.,

GE-16, 191, 1978.

Strangeway, R. J., and G. K. Crawford, VLF waves in the foreshock,

,4dr. Space Res., 15(8/91. 29, 1995a.

Strangeway, R. J.. and G. K. Crawford, Comparison of upstream phe-

nomena at Venus and Earth. Adv. Space Res.. 16(41, 125, 1995b.

References

Anderson. K. A., Measurements of bow shock particles far upstream

from the Earth. J. (;t'ol_h)'.s. Rex.. 86, 4445. 1981.

Bamc, S. J., J. R. Asbridge, tt. E. Fehhauscr. J. P. Glorc, H. L. Hawk.

and J. Chavcz. ISEE-C solar wind plasma instrument, IEEE Trans.
Geosei. Electron.. (;E-16, 160. 1978.

Crawtk_rd, G. K., A study of plasma waves arising from the solar wind
interaction with Venus, Ph.D. thesis, 321 pp, Univ. of Calif. at Los

Angeles, 1993.
Crawford, G. K., R. J. Strangcway, and C. T. Russell, VLF imaging of

tim Venus fl)rcshock, Geoph)w. Rex Left., 20, 28t11, 1993a.

G. K. Crawfl)rd. SRI International, MS 4(1217, 333 Ravenswood.

Menlo Park, CA 94(125.

F. V. Coroniti, E. W. Greenstadt, and S. L. Moses. TRW Inc., Space

and Technology Division, One Space Park. R I-2144, Redondo Beach,

CA 9(1278.

R. J. Strangeway. Institute of Geophysics and Planetary Physics,

University of Califf_rnia, Los Angeles, CA 911(124.

( Received November 8, 1994: revised April 17, 1995:

accepted May 1, 1995.)





LARGE SOLAR WIND DISTURBANCES DURING LATE MAY AND

EARLY JUNE 1991

J. D. MIHALOV
Planetary Systems Branch, NASA-Ames Research Center, Moffett Field, CA, U.S.A.

and

R. J. STRANGEWAY

Institute of Geophysics and Planetary Physics, UCLA, Los Angeles, CA, U. S.A.

(Received 27 March, 1995; in revised form 1 May, 1995)

Abstract. Solar wind data from the Ames experiment aboard the Pioneer Venus Orbiter, coincident
with a period of unprecedented solar activity that began at the end of May, 1991, within the highly
active earlier portion of 1991, are summarized and discussed. Some comparison is made with corre-
sponding data from Earth. Some particularly large, strong shocks and solar ejecta were observed at
Venus. The solar longitude of Venus, relative to associated flares, varied over a wide range, for a series
of flares that produced X-rays that saturated the GOES X-ray counters. Some of the disturbances at
Venus must be due to CMEs with longitudinal extents up to _40-50 deg.

1. Introduction

Unprecedented solar activity was observed during the early part of June 1991, con-

sidering at least the flare X-ray class, which has been reported in Solar GeophysiCal

Data (SGD), Part II. Analyses of detailed white-light images for four of the large

flares have been presented by Schmieder et al. (1994). The peak activity for solar

cycle 22 was maintained well into 1991 by large solar events which included those

of early June, 1991. Also, a substantial portion of the largest interplanetary shock

events observed during the 14-year Pioneer Venus Orbiter mission occurred dur-

ing the first seven months of 1991. Some of these shock events must have been

due to coronal mass ejections (CMEs, see Hundhausen (1988, 1993) and Howard

et al. (1985)). Relationships between interplanetary shocks and CMEs have been

discussed by Sheeley et al. (1985) and Bravo and Nikiforova (1994). The unusu-

ally intense solar activity discussed here was associated with the lowest galactic

cosmic-ray flux ever measured over almost the past forty years of operation, at

the Mount Washington neutron monitor (Webber and Lockwood, 1993; Van Allen,

1993). The cosmic-ray intensity >70 MeV decreased by about 20% over a wide

span of the heliosphere (Van Allen, 1993); details of the cosmic-ray modulation

and a presentation of plasma disturbances in the outer heliosphere may be found

in McDonald et al. (1994) (see also Burlaga and Ness (1994) and the results from

a 3-D MHD model, reported by Usmanov (1993)) An earlier study (Cliver et al.,

1987) sought to associate sizable, heliospheric Forbush-type cosmic ray decreases

during June-July, 1982, with specific solar and interplanetary events. The flare

Solar Physics 160: 363-370, 1995.
@ 1995 KluwerAcademicPublishers. PrintedinBelgium.
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activity observed at that time, however, was neither as intense nor as frequent as

during early June, 1991. In particular, there were no events exceeding an X-ray
class of X10.

It may also be noted that an analysis of the 59 largest cosmic-ray decreases

during 1978 to 1982 at 1 AU heliocentric distance identified four classes of events,

based upon the principal causes of the decreases: an interplanetary shock, the
associated driver, both of these, or corotating streams and ejecta (Cane, Richardson,

and von Rosenvinge, 1993). A similar study was carried out, for solar minimum

data from 1987, by Lopate and Simpson (1991).

The five largest flares during June 1991 actually saturated the GOES X-ray
counters for varying lengths of time (X-ray class exceeded X12.0); this has occurred

previously at times of unusually high-intensity solar flare activity, as, for example,
also once in each of the months March, August, and October 1989, during the

current solar cycle 22. Owing to the saturation, only lower limits to the peak X-ray

energy flux are available from the GOES X-ray detectors for the five large June 1991

events. With regard to the saturation of the detectors, other information is available

on the energetics of these flares: in addition to the Ho_ optical information in SGD,
Part II, there are also radio emission data, and lists of ionospheric disturbances due

to ionizing radiation from the flares (in Part I of SGD). In general, the decimetric

(synchrotron) radio emission data are somewhat difficult to interpret, although

they do track the (hard) X-ray fluxes (Zirin, 1988), as observed by the Compton

telescope, for example. The hard X-ray fluxes, in turn, seem similar to the time
derivative of the soft X-ray fluxes (Zirin, 1988; Li, Emslie, and Mariska, 1993), as

measured, for example, by the GOES detectors. There is a long-standing relation

between X-ray duration overall, and CME occurrence (Sheeley et al., 1983). Here

estimates of the peak X-ray energy flux are not made; rather, the associated solar
wind disturbances as observed with the Ames experiment on the Pioneer Venus

Orbiter are presented and discussed. Some comparisons are made with data from

near Earth. The lack of coronagraph CME data during this time interval handicaps

analyses, because CME masses and energies are not available.
The Pioneer Venus Orbiter (PVO) spacecraft (Colin, 1980) was launched on

May 20, 1978, and injected into orbit around Venus later in the year, on Decem-

ber 4. The experiment payload included a plasma analyzer (Intriligator, Wolfe,

and Mihalov, 1980) for solar wind studies, and a plasma wave experiment (Scarf,

Taylor, and Virobik, 1980).

2. Gross Aspects of Solar Activity and Interplanetary Disturbances

In Figure 1 the solar activity is summarized, in terms of the flare X-ray class and

solar longitude, as reported in SGD, Part II, for the May 28 through June 12 period.
There was an additional X12.0 class flare on June 15 (AR 6659). From the figure

one sees that the X-ray flares principally arose from just two active regions. During
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Fig. 1. Solar activity during late May and early June 1991, expressed as flare X-ray class, plotted on

a time vs solar longitude (relative to Earth) grid. A diagonal line across the bottom of the plot gives

the longitude of the Pioneer Venus Orbiter spacecraft. Symbols on the lower diagonal line indicate

times when shock signatures were observed in the Orbiter plasma data, and times of hypothetical

source events, as explained in the text. The times of two large-storm sudden commencements are

also given, as '+' symbols, at the longitude of Earth (0 deg).

this period, the Pioneer Venus spacecraft was located at the longitude indicated by
the line near the bottom of the figure. Four triangles indicate times of large solar

wind disturbances, and of estimated origins; these are discussed subsequently. The

left-hand apices of the triangles indicate the earliest times for launching plasma

drivers whose preceding forward shocks are taken to be observed at the times that

correspond with the right-hand edges of the triangles• These estimates for earliest
launch times are based on the observed post-shock signature solar wind speeds, and

assume no deceleration in transit from the Sun to the point of observation. During

the period of Figure 1, the spacecraft is carried northward toward the heliographic

equator, with Venus, from 3.5 deg S to 2.4 deg S; AR 6654 was, however, at

7 + 3 deg N, and AR 6659 at 32 4- 5 deg N.
Also in Figure 1, the times of the two largest geomagnetic-storm sudden com-

mencements (ssc, from SGD, Part I) during the period displayed, are given, at

the longitude of Earth (0 deg; heliographic latitude, increasing from 1.2 deg S to

0.7 deg N). The largest ssc, on May 31, is presumably associated with the X1.0 flare

of May 29. If so, effects of the CME were observed over a ,-o50 deg span of solar

longitude. A shock was also observed at the IMP-8 spacecraft, somewhat later than

the large ssc, at ,-_10:40 UT on May 31 (personal communication, MIT Plasma

Group, 1994). Storm sscs have been found to be usually the result of interplanetary

shocks (Smith et al., 1986), and large geomagnetic storms are generally associated
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with CMEs and/or shocks (Gosling et al., 1991), and in particular, in addition, with

large-amplitude, southward, interplanetary magnetic field components of several

hours duration (Gonzalez and Tsurutani, 1987). An association of geomagnetic

storm activity with the orientation of the magnetic field outside the magnetosphere
was first found by Fairfield and Cahill (1966) (see the review article by Russell,

1980). Also, an earlier result about the connection between interplanetary shocks

and geomagnetic activity was the observation of sc storms for 63% of shocks dur-

ing 1971-1978, and more chance of geomagnetic activity for greater post-shock

helium abundance (Borrini et al., 1982). The corresponding result from Smith

et al. (1986) was that 79% of the shocks during 1978-1979 were associated with
sscs, while Gosling et aL (1991) found, for 1978-1982, that the larger geomag-

netic disturbances were more likely to be associated with shocks (and/or CMEs).

Kahler (1992) gives a historical discussion of the relationship between solar and

geomagnetic activity, and also discusses associations of CMEs with several other

indications of solar activity.

3. Interplanetary Plasma Data

In Figure 2 are given half-hour averages of solar wind proton speed (spacecraft

frame), number density and isotropic temperature for May 28 through June 17,
1991, from the Pioneer Venus Orbiter. These parameters are obtained from least-

squares fits of the experiment responses to simulated convecting, isotropic Max-

wellian velocity distributions, to the measured plasma currents. A number of inter-

planetary forward shock signatures can be identified; four of the larger of these
that are probably associated with large solar flares are listed in Table I, and are also

indicated in the figure. The uncertain information for three of the four entries of the

table is due to data gaps before (May 31) or after (June 6, 12) the shock transitions,

that complicate the interpretations. The large event on June 1 may be a current

sheet crossing that possibly terminates a period of low temperature shock driver

gas associated with the May 29 flare; its detailed signature does not particularly

resemble that of a strong shock. Most of the speed increase during this June i period
occurs an hour or more after the increase of the proton temperature, and after a

brief initial increase of the speed and the 30 kHz, 5.4 kHz, and 100 Hz electric field

noise observed by the PVO plasma wave experiment; the proton density increase
occurs even later.

The shock signatures generally seem to be followed by decreasing densities,
and some of them are followed bv decreasing wind speeds; the classic blast wave

signature sometimes seen, hQs increasing post-shock densities and speeds, except

for the case of instantaneous energy release, which has decreasing, post-shock

densities and speeds (Parker, 1963; Hundhausen, 1972). It has been suggested that
blast wave shocks do not accelerate ions (see Bai and Sturrock, 1989). Magnetic

field measurements are not available for any of these shocks because the spacecraft
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Fig. 2. Half-hour averages of solar wind proton speed, number density, and temperature, from the

Ames experiment on the Pioneer Venus Orbiter, for May 28 through June 17. 1991. Times of four

large shock signatures (S), and three candidates for the onset of driver gas (D), ejected by the Sun,

are indicated.

magnetometer experienced a partial failure around October 15, 1988 (Russell et al.,

1993), and was generally operated only in the vicinity of periapsis, during late May

and early June 1991.

We have attempted to locate driver gas (e.g., Richardson and Cane, 1993) in the

solar wind data, for some of the shocks that have been discussed. The indication

expected would be low temperature and enhanced helium, following a shock.

Lower temperatures should be expected in a region of fast, unshocked material,

with the shock forming ahead. The helium data available are largely unanalyzed.

The principal feature of the proton temperature data following the shocks seems

to be a more or less monotonic decrease, over a period of many hours. In some

cases, abrupt decreases are observed within the monotonic declines; these could

represent the leading edges of driver gas in the flows. The clearest instances seem

to be on May 31, and on June 8 and 1_2, and are indicated in Figure 2, although
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TABLE I

Four large forward shock signatures

Date, 1991, and AV, Vdwnst., Proton density

time, UT km s -l km s -_ ratio

May 29 210 580 2.4 + 0.7

1756:30 -4-5 s

May 31 - 900? -

0000?

June 6 670 1200? >3

1944 + 1 min

June 12 340? _780 -

0455 --4-5 min

these abrupt decreases are barely resolvable on the figure as plotted. For June 8,
the relative helium abundance is particularly high, following the abrupt decrease

in temperature. The density is always high just after the shocks, and sometimes
similarly jumps up at the beginning of the 'driver gas'.

Shock normals have been estimated, using velocity coplanarity, for the May 29

and June 6 signatures. The result for the May 29 case (0.92, -0.33, 0.20) has

the principal nonradial component to the east (z component positive northward),

opposite to what might be expected if the large M5.3 flare were close to the origin

of the ejecta, as that flare is to the east of the spacecraft. For the June 6 signature

the normal is (0.97, 0.19, 0.12), not suggestive of an origin near the preceding large
X12.0 flare, which was ,-,-,30deg to the north.

It may be noted that one suggestion resulting from the study by McDonald et al.

(1994) of the outer heliospheric disturbances during the earlier part of 1991, was

that of hypothetical major solar events on the Sun's back side, during late May
and late June. Also, Cane and Richardson (1995) analyzed data near Earth's orbit,

in October 1989, during the earlier solar activity peak of cycle 22, and concluded

that four CMEs during the period studied extended up to 50 deg, but not more than

75 deg, from the sources.

4. Conclusions

The intense solar activity of early June 1991 resulted in a number of sizeable

interplanetary disturbances that were observed in the solar wind at the Pioneer

Venus spacecraft, located to the east of the Earth. Correlation of these disturbances
with events in the solar flare lists suggests that the interplanetary disturbances first

were associated with AR 6654, in late May, and then with AR 6659 as it rotated

around the Sun's east limb. Other solar regions than these two have not been
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associated with the largest interplanetary disturbances during this period. Detailed

characteristics of some of the larger disturbances, interpreted as interplanetary
shocks, include peak solar wind speeds up to 1230 km s-l, and possible mean

transit speeds from the Sun of up to _1450 km s -1 (June 6 event; possibly up to

1530 km s-l to Earth for a ssc on June 10). Some of the disturbances are probably

due to CMEs with longitudinal extents up to ,-_40-50 deg, but that angular size

corresponds well with the mean extent in polar angle of CMEs (Hundhausen, 1993).
This was also approximately the mean angular span for all CMEs observed during

1979-1981 (Howard et al., 1985), but the angular span of small, faint CMEs alone

was reported by those authors to be only about 25 deg.

Shock normal estimates (two cases) are not clearly consistent with the locations

of flares that plausibly might be assumed as sources. It should be noted that CME
locations are not distributed the same as those of small-scale solar magnetic features

such as flares and active regions (Hundhausen, 1993), nor are flares found to lie

in specific locations, relative to associated CMEs (Kahler, Sheeley, and Liggett,

1989; Harrison, 1986; Kahler, 1992).
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Abstract--Plasma wave data from the Pioneer Venus Orbiter provide the largest body of data cited as
evidence for lightning on Venus. These data are also the most controversial, mainly because of the ambiguity
in mode identilication due to limited spectral information. We review some of the more recent studies of
the plasma wave data at Venus, and we demonstrate that the characteristics of the 100 Hz waves are

consistent with whistler-mode waves propagating vertically from below the ionosphere. We further show
that in situ instabilities are too weak to generate whistler-mode waves, mainly because the thermal pressure

is comparable with the magnetic field pressure in the ionosphere of Venus. The lower hybrid drift instability
has also been suggested as an alternative source for the 100 Hz waves. However, the wave properties are
more consistent _ith whistler-mode propagation: the lower hybrid drift instability requires very short
gradient scale lengths to overcome damping due to collisions. We also note that an apparent association
between kangmuir probe anomalies and 100 Hz waves is much lower than previously reported, once we
apply a consistent intensity threshold for identifying wave bursts. The lightning hypothesis remains the
most probable explanation of the plasma waves detected at low altitudes in the nightside ionosphere of
Venus.

I. INTRODUCTION

Whether or not lightning occurs on Venus has been an

issue of considerable debate over many years. Much of

that debate has centered on the observation of plasma

wave bursts in the ELF/VLF range, as measured by

the Pioneer Venus Orbiter Electric Field Detector

(OEFD) in the nightside ionosphere of Venus. Russell

( 1991 ) recently reviewed the evidence for lightning on

Venus. and he describes the results of many of the

earlier studies of the OEFD data. In particular, he

notes that the plasma wave data are more consistent

with a lightning source within the Venus cloud layer,

rather than active volcanism as originally suggested

by Scarf and Russell (1983). Thus, the interpretation

of the plasma wave data has more to say about the

atmosphere of Venus, rather than issues concerning
active volcanism.

Lightning within the cloud deck of Venus has

_mportant implications for the dynamics and chem-

istry of the Venus atmosphere. In their search for an

optical signature lbr lightning Borucki et al. (1991)

pointed out that, based on our knowledge of terrestrial

lightning, the meteorological conditions in the atmo-

sphere of Venus may not be appropriate for the gen-

eration of lightning. Sulfuric acid, which is the main

constituent in the clouds at Venus. has nearly the same

dielectric constant as water, but it is not clear that

sufficiently large particles are formed to allow charge

separation. Thus, if lightning does occur on Venus,

we may need to re-evaluate the mechanisms respon-

sible for charge separation within its clouds. With

regard to the importance of atmospheric lightning,

Borucki et al. (1991) noted that lightning of

sufficiently high rate can cause the formation of pre-

biological molecules. Russell (1991) also noted that a

high lightning rate may be an issue for the safety of

space probes, in addition to possible modifications of

the atmospheric chemistry. The plasma wave data

obtained by the Pioneer Venus Orbiter are the most

extensive, and these data are hence suitable in deter-

mining lightning rates at Venus. It is therefore impor-

tant to determine the likelihood that the wave bursts

do correspond to lightning.

In support of the lightning interpretation of the

VLF/ELF bursts, Russell (1991) pointed out that

there is other evidence for lightning on Venus. Optical

measurements from the Venera 9 spacecraft (Kras-

nopol'sky, 1983), and the observation of impulsive

electromagnetic signals by the Venera landers (Ksan-

fomality et al., 1983) both provide evidence for light-

ning within the Venus atmosphere. More recently,

radio observations during the flyby of Venus by the

Galileo spacecraft have also been interpreted as evi-

dence for lightning (Gurnett et al., 1991). The Galileo

observations are probably the least controversial,

537
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sincethedatawereacquiredseveralplanetaryradii
fromVenus,in thesolarwind.It ishighlyunlikely
thatplasmainstabilitiescangenerateimpulsivesignals
aroundI MHzinthesolarwind.

Ontheotherhand,therehavealsobeennegative
resultsin thesearchfor lightningat Venus,most
notablyinsearcheslbropticalsignatures.Datafrom
theVEGAballoonsdidnotshowanyevidencefor
lightning.Boruckiet al. (1991), using data from the

star sensor on board the Pioneer Venus spacecraft,

did not find any optical flashes whose rate exceeded
the false alarm rate. ttowever, both these searches

tended to concentrate over the dawn local time sector.

while it appears that lightning is mainly a dusk related

phenomenon.

Irrespective of the other evidence for lightning,

there is still the issue of whether or not the plasma

waves observed in the nightside ionosphere are due to

lightning. In testing the lightning hypothesis, we are

investigating the plasma wave properties of a weakly

magnetized and weakly collisional plasma which is

qmte different from the terrestrial ionosphere. In par-

ticular, as we will emphasize throughout this review,

the energy density of the thermal plasma can be com-

parable with the magnetic tield energy density. This

has important implications for both wave propagation

and also possible plasma instabilities.

Our approach in this review is to compare and

contrast the expected plasma wave signatures from

the lightning hypothesis with the various plasma insta-

bilities proposed as alternatives. We hope to dem-

onstrate the strengths and weaknesses of the different

hypotheses. It is not our intention to prove, nor do

we expect to find, that all plasma waves observed in

the nightside ionosphere of Venus are due to atmo-

spheric lightning. Rather, our purpose is to assemble

sufficient evidence to determine the most probable

source for the majority of the plasma waves observed

at Venus. Given the nature of the plasma wave data,

this assessment must be based on statistics, rather than

case studies. The question then becomes, given the

various statistical properties of the waves, which

hypothesis best explains the bulk (but not necessarily

all) of the data'?

The structure of this review is as follows. In the next

section we discuss the morphology of the wave bursts.

We demonstrate why the ELF (100 Hz) waves are

probably whistler-mode waves, and further that they

entered the ionosphere from below, consistent with a

lightning source. In the third section we discuss the

likelihood that plasma instabilities can generate whis-
tler-mode waves at low altitudes. Because of the rela-

tively high electron thermal pressure, we show that

whistler-mode waves tend to be damped, rather than

driven unstable. In the fourth and fifth sections we

discuss the most recent alternative explanation for the

100 Hz waves, that they are associated with density

fluctuations corresponding with short wavelength

lower hybrid resonance waves driven unstable

through a gradient drift instability. However, this

instability requires very steep density gradients to pro-

duce a large enough drift to overcome the damping
due to collisions. In the final section we summarize

the discussion presented in this review.

2. THE MORPHOLOGY OF THE VLF/ELF BURSTS

The ionosphere of Venus is highly variable in struc-

ture. Unlike the Earth, there is no planetary magnetic

field to define the basic geometry of the magnetic

field within the ionosphere. Instead, the magnetic field

within the ionosphere is generated through the

diffusion and transport of the Interplanetary Mag-

netic Field (IMF). The IMF is brought into contact
with the ionosphere of Venus through the solar wind

flow within the magnetosheath. Both the solar wind

and the IMF are highly variable and, consequently,

the ionosphere has some of that variability imposed

on it. Indeed, the ionosphere can change considerably

from day to day (Brace and Kliore, 1991). As such,

then, any attempt to give an average view of the iono-

sphere of Venus is suspect. Instead, we resort to

sketches such as Fig. 1 (after Crawford et al., 1993),

which are meant to represent some of the many

different features observed within the highly variable

ionosphere of Venus. It should be remembered that

Fig. 1 is not a snapshot of the ionosphere : many of

the structures shown in the figure are not always present

on any particular pass through the ionosphere.

The most striking of the structures observed within

the nightside ionosphere of Venus are "ionospheric

holes". These are regions of reduced ionospheric

plasma density and enhanced magnetic field. The field

within holes is often close to radial and, as we shall

discuss later, these regions of near-radial field act as

ducts for whistler-mode waves. One other interesting

feature of holes is that they are mainly a solar

maximum phenomenon. Holes do not appear to have

been detected during the entry phase of the Pioneer

Venus Orbiter, which occurred during solar inter-

mediate conditions (Theis and Brace. 1993). This

implies that holes are generated through day to night

transport of plasma and magnetic field, since this

transport is reduced for lower levels of solar activity.

At low altitudes within the nightside ionosphere of

Venus, two basic types of VLF/ELF signal are

detected. Figure 2 shows an example of the first type
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Fig. I. Sketch of the solar wind interaction with the ionosphere of Venus (after Crawford et al.. 1993). The

nightside ionosphere of Venus has considerable structure. Regions known as "'holes", containing enhanced

radial magnetic field and reduced plasma density, are often observed. These holes appear to act as ducts

for upgoing whistler-mode waves.
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Fig. 4. Fractional occurrence for 100 Hz only bursts. Data from the first 22 seasons of nightside periapsis
passes have been binned as a function of radial distance and solar zenith angle. The x-axis is along the
Venus-Sun line. and the Sun lies to the [eft of the figure. The vertical axis gives the distance perpendicular

to the Venus Sun line, p = \ (yZ +z-). The data have been binned using 0.05 R, by 3 bins, and then
smoothed and interpolated to generate the plot.
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Fig. 5. Fractional occurrence rate mr 5.4 kHz bursts. Similar in _rmat to Fig. 4. Three dil_rent 5.4 kHz
signals are observed, as indicatcd by the labels "'A". "'B'" and "C".
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Fig. 12. Diagram illustrating the hypothesis that lightning is a source for plasma waves in the nightside
ionosphere of Venus.
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Fig. 2. Example of plasma wave and magnetic field data for orbit 526. These data are typical of the 100 Hz waves
that have been attributed to lightning generated whistler-mode waves. The upper panels show the wave intensity in
the four channels measured by the OEFD. The bottom four panels show the magnetic field data cast into radial-

east north coordinates.

of signal, which occurs onlv in the 100 Hz channel of

the OEFD. Because of weight, power, and telemetry

constraints, the OEFD has only four channels at

100 Hz. 730 Hz. 5.4 kHz and 30 kHz, with each chan-

nel having a bandwidth of _+15% of the center fre-

quency (Scarf et al., 1980b). The top four panels of

Fig. 2 show the wave intensity, while the bottom four

show the magnetic field data cast into radial-east-

north coordinates. In this coordinate system, the rad-

ial component is vertically out, and the east com-

ponent is horizontal and parallel to the Venus orbital

plane. East is defined as positive in the direction

opposite to the planetary rotation, since Venus rotates

in a retrograde sense. North completes the triad. It

can be seen that throughout most of the interval

shown, the radial component of magnetic field domi-

nates, and I00 Hz bursts are detected throughout this

interval of strong radial field. Since these bursts only
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Fig. 3. Example of wideband bursts observed on orbit 501. Similar in format to Fig. 2.

occur at 100 Hz. they would have been counted as
possible lightning generated whistlers in studies such
as Scarf and Russell (1983).

The second type of signal often observed at low
altitudes is shown in Fig. 3. These "'wide-band'" bursts
have also been cited as possibly due to lightning (Singh
and Russell, 1986; Russell. 1991). However these

bursts are clearly not whistler-mode waves and,
because of this, Scarf et al. (1980a) cautioned against
using signals at higher frequencies as being possible
lightning signals. Unlike the 100 Hz only bursts, Fig.

3 shows that the wide-band bursts are detected in

regions of mainly horizontal field (Ho et al., 1992). In

discussing the wide-band signals, it should be noted

that, while the earlier study of Singh and Russell

(1986) suffered from contamination due to the

inclusion of spikes caused by telemetry errors (Taylor

and Cloutier, 1988; Russell and Singh, 1989), sub-

sequent studies (e.g. Ho et al.. 1991, 1992) specifically

excluded possible telemetry errors.

Sonwalkar and Carpenter (1995) have argued that

the wide-band bursts are non-propagating modes and
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therefore generated locally within the plasma. Hence,

they do not consider wide-band bursts as being light-

ning generated. While this is almost certainly true for

many of the higher altitude bursts (altitudes greater

than ~ 1000 km), this need not be the case for the

lower altitude bursts. At the Earth, for example,

anomalous VLF bursts which arrived prior to the

whistler-mode wave packet have been detected in the

ionosphere above lightning (Kelley et al.. 1985).

Boeck et al. (1992) have reported observations of

lightning induced brightening of the airglow, while

Burke et al. (1992) have reported the detection ofkeV

electrons and large electric field transients above a

hurricane. These various observations all suggest that,

at the Earth, at least, lightning may couple to the

ionosphere. The coupling mechanisms are not well

understood, but it seems probable that "'capacitive

coupling" through the displacement current may drive

conduction currents within the ionosphere (Hale and

Baginski, 1987). In light of these observations, it is

possible that the "'wide-band" bursts detected at low

altitudes in the Venus ionosphere could be due to

direct coupling between lightning and the ionosphere.

To further emphasize the altitudinal dependence of

the bursts detected at Venus, we present maps of the

fractional occurrence of bursts in the 100 Hz channel

only (Fig. 4) and in the 5.4 kHz channel (Fig. 5). In

these two figures, we have binned the data for the first

22 seasons of nightside periapsis passes of the Pioneer

Venus Orbiter. We have employed a technique similar

to that described by Russell et al. (1988) and Russell

(1991), where the data are separated into 30 s inter-

vals, and each interval is classified as being active or

quiet at each frequency. The fractional occurrence

rate of 100 Hz burst activity is plotted as a function

of position in Fig. 4. where position is expressed in

units of Venus radii (R,, and 1 R, = 6052 km). The

100 Hz only signals tend to occur most frequently at

low altitudes, and extend to highest altitudes near

the anti-subsolar point. In generating Fig. 4, we have

excluded all intervals for which additional signals

occur at higher frequencies. For this reason, we have

classified the events as t00 Hz whistler events.

Figure 5. on the other hand, shows the presence of

several distinct plasma wave populations as measured

at 5.4 kHz. First, at lowest altitude, we see several

peaks in the occurrence rate, labeled "A". These cor-

respond with the "'wide-band'" bursts discussed above.

Second, at high altitudes and high solar zenith angles

(i.e. p < 0.7 R, and .v < - 1.2 R,), there is a peak

in the occurrence rate, labeled "'B". Unlike the low

altitude wide-band bursts, there are no additional sig-

nals at higher or lower frequencies when these waves

occur at 5.4 kHz, and they are plasma oscillations in

very low density regions of the Venus tail (Ho et al..

1993). Lastly, additional wave bursts occur near the

edge of the optical shadow (i.e. p > 0.7 Rv), labeled
"'C". These waves are often correlated with waves

at lower frequencies (730 Hz and I00 Hz), and may

correspond to ion acoustic waves generated in the low

density wake region of the planet. It is clear from

Fig. 5 that the properties of the VLF bursts at high
altitudes cannot be used to infer the source of VLF

bursts at low altitude.

There have been several studies on the morphology

of the low altitude bursts (see Russell, 1991), and we

will describe only the more recent results. In their

recent studies Ho et al. (1991. 1992) developed a

method for determining the burst rate of the VLF

waves observed at low attitudes, as opposed to the

occurrence rate as shown in Figs 4 and 5. The burst

rate studies are useful for comparison with the light-

ning rate at the Earth, for example, but suffer from

possible over- or under-sampling, depending on the

data rate. The occurrence rates cannot be easily com-

pared with other rates, but do not suffer from depen-

dence on the telemetry rate. With these points in mind,

Fig. 6 shows the burst rate as a function of local time

for all four channels of the OEFD. As with other

studies, the higher frequency bursts tend to peak in
the dusk local time sector, while the 100 Hz bursts

occur throughout the nightside.

Strangeway (1991a) and Sonwalkar et al. (1991)

point out that, if the 100 Hz waves are lightning gen-

erated whistler-mode waves, then they will be refrac-

ted vertically oll entering the ionosphere from below.

This is because the refractive index in the ionosphere

is typically around 1000. Whistler-mode waves can

only propagate within a cone about the ambient field.

known as the resonance cone. The resonance cone

angle is given by cos 0r =./,;.f_, where f is the wave

frequency (100 Hz), and ./_ is the electron gyro-fre-

quency (= 28BHz, where B is the magnetic field

strength in nT). If the magnetic field makes an angle

0br with respect to the vertical, then the resonance

cone test requires 0br < 0r- Alternatively, the res-

onance cone test requires that the vertical component

of the magnetic field Br >.I'28 = 3.6 nT for 100 Hz.

As an example of the importance of the resonance

cone test, Fig. 7, from Ho et al. (1992), shows the

burst rate as a function of altitude. For the 100 Hz

waves, each sample has been tested to determine if

vertical whistler-mode propagation is allowed, and
the rate for the 100 Hz waves inside the resonance

cone is plotted separately from the 100 Hz waves out-

side the resonance cone. It is clear from the figure that

the waves observed at low altitudes separate into two

types of signal. The rate for 100 Hz waves inside the
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Fig. 6. VLF ELF burst rate as a function of local time for the low altitude bursts detected in the first three

seasons of nightside periapsis passes (after Ho et al., 1991}.

resonance cone decreases slowly with increasing alti-

tude. The higher frequency waves and the 100 Hz

waves outside the resonance cone all decrease rapidly

with increasing altitude, and further all decrease at

roughly the same rate with a scale height of about

20 km.

Figure 7 implies a common source for the 100 Hz

waves outside the resonance cone and the high fre-

quency bursts. The rate is generally highest at low

altitude, while Fig. 6 shows that the wide-band bursts

are observed mainly in the post-dusk local time sector.

We do not expect the ionosphere to display a strong

asymmetry as a function of local time. However, the

neutral atmosphere does, because of super-rotation.

Thus, an atmospheric source for the non-whistler-

mode signals is probable, and lightning coupling

directly to the ionosphere is a reasonable explanation

for the wide-band signals. As will become clear in

discussing the 100 Hz whistler-mode signals in sub-

sequent sections, the dominant controlling factor for

the whistler-mode waves is the degree of accessibility

for these signals. The whistler-mode waves are

observed wherever a propagation window is present,

while the non-whistler signals are more closely related

¢r"
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Fig. 7. VLF/ELF burst rate as a function of altitude (after Ho et al., 1992).
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tO the underlying source. Thus, the wideband data are

used to determine lightning rates and Ho et al. (1991)

found planet-wide rates comparable to those for ter-

restrial lightning.

The resonance cone test is very powerful. It only

applies for waves that are assumed to have propagated

from below the ionosphere. That the 100 Hz waves

separate into two distinct classes by applying this test

is strongly supportive of the lightning hypothesis,

since any ill situ instability does not require vertical

propagation. Strangeway 11991b) also used the res-

onance cone test to investigate the polarization of the

100 Hz waves. He found that the waves which satisfied

the resonance cone test were polarized perpendicular

to the ambient field, as expected for whistler-mode

waves. Sonwatkar et al. (1991) applied the resonance

cone test to several burst intervals, and they found

that 6 7 ot" the intervals which contained wave activity

at 1()()Hz only _ere consistent with whistler-mode

propaganon from below the ionosphere.

3. I.IGHINING OR WHISTLER-MODE INSTABILITY

Several authors have suggested that the VLF bursts

detected at low' altitudes in the Venus nightside iono-

sphere are generated locally, rather than through

lightning in the Venus atmosphere. In addition to

comments on the association of 100 Hz waves with

holes, Taylor et al. (1987) noted that the waves

detected at 100 Hz were observed primarily when the

spacecraft velocity vector was perpendicular to the

ambient magnetic field. They argued that the waves

were in fact short wavelength waves propagating par-

allel to the ambient field which could be Doppler-

shifted to higher frequencies and the selection criterion

used bv Scarf and Russell (1983) requiring bursts at

100 Hz only artificially excluded those waves that had

been Doppler-shifted through spacecraft motion. Fig-

ure 8, from Ho et al. (1992), shows that the burst rate

for 100 Hz waves was largest when the magnetic field

was vertical. The data are plotted as a function of

the angle between the magnetic field and the radial

direction (0_,_). and the angle between the magnetic

tield and the spacecraft velocity vector ((1,,,). Since the

,,pacccraft Fnotion is nearly horizontal around

permp_,ls, a _erticallv oriented magnetic field will be

perpendicular to the spacecraft velocity vector. In

determ,ning the dependence on magnetic field orien-

tation. 11o selection criteria, other than an intensity

threshold, were applied to the data. Thus. that the

_a,,es are observed for a ,.ertical field is an intrinsic

property of the signals, and is not due to some selec-

tion criteria artificially rejecting those events for which
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Fig. 8. 100 Hz burst rate dependence on the magnetic field
orientation (after Ho el al., 1992). The upper plot shows the
time spent as a function of 0b_(the angle between the mag-
netic lield and the radius vector) and 0h, (the angle between
the magnetic field and the spacecraft velocity vector). Note
that. for 0,,_v 0 . 0b, _ 90 . The lower plot shows the burst
rate. which peaks at 0br _ 0 . At higher 0_. there is no depen-

dence on 0h,.

the spacecraft velocity vector is perpendicular to the

field. It is hence unlikely that the 100 Hz bursts are

parallel propagating ion acoustic waves. Alternative

wave instabilities that have been suggested are cyclo-

tron resonant whistler-mode instabilities/Maeda and

Grebowsky. 1989) and short wavelength lower hybrid

waves (Huba. 1992). Both these instabilities generate

waves that would be detected in the 100 Hz channel

of the OEFD.

In this section we concentrate on whistler-mode

instabilities. Maeda and Grebowsky (1989) argued
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that the signature of VLF saucers, which occur at

low altitudes in the Earth's auroral zone ionosphere.

would be similar to the bursts detected at Venus by

the OEFD, if the same instrument were to be flown at

the Earth. However. this argument neglects a fun-

damental difference between the terrestrial and Venu-

sian ionosphere. At the Earth. there is a strong internal

magnetic field that ensures that the plasma fl is low

(fl _ ,,= .l_..nl%T,B-. the ratio of thermal to magnetic

energy density, where l_. is the permeability of free

space, n is the plasma number density, k_ is the Boltz-

mann constant. T is the plasma temperature, and B is

the ambient magnetic field strength). At Venus. on

the other hand. the magnetic field is relatively weak

and the plasma can have a high fl. as noted by Stran-

geway (1990).

This point was discussed further by Strangeway

(1992). For the sake of discussion, we assume that the

electron density in an ionospheric hole _ 3 × 103 cm -3,

and the magnetic field _. 30 nT. For these values, the

electron plasma frequency to gyro-frequency ratio

(_%_ _)_.) _ 500. This ratio will be higher outside the

holes since the magnetic field is weaker and the density

is higher. Whistler-mode dispersion curves for this

ratio are shown in Fig. 9. The figure shows that the

highest parallel phase speed is _300 km s ', cor-

responding to an electron energy of 0.26 eV. Thus. we

expect whistler-mode waves to be damped by thermal

electrons in the nightside ionosphere of Venus. and

this damping will suppress any whistler-mode insta-

bility.

To demonstrate this point more clearly, in Fig. 10

we plot the damping rate of 100 Hz waves as a func-

tion of the normalized electron thermal velocity

(l'v/cl((,J_.O_), where rr is the thermal velocity of the

electrons. We have used the convention that l/2m_t'_ =

/%T. The normalized thermal velocity= ,, 'fl_, where

fl_ is the electron beta. In calculating [3_, we have used

2-s averages of the electron density and temperature

measured by the Langmuir probe onboard the Pioneer

Venus Orbiter. and the magnetic field. The data were

acquired from orbits 484-560. and we have restricted

the altitude range to < 300 kin. The convective damp-

ing rate has been calculated for parallel propagating

waves at 100 Hz. We find that for x fi_. = 1. the damp-

ing decrement is _ 5 dB/km. Thus. the wave intensity

_ ill have decreased by ten orders of magnitude after

propagating some 20 km in the nightside ionosphere.

Clearly. whistler-mode waves cannot propagate any

great distance in the high [_ regions of the nightside

ionosphere. Thus, ionospheric holes, which are low

/_,. are where whistler-mode waves are more likely to

be found. The magnetic fields within holes also have

a large vertical component, allowing vertical propa-

gation of whistler-mode waves from below the iono-

sphere. That 100 Hz wave bursts are found within

ionospheric holes is entirely consistent with the light-

ning hypothesis. Strangeway (1992) further showed

that the 100 Hz wave intensity was largest in regions

where the thermal electron damping was lowest.
As a last comment on the work of Maeda and

Grebowsky (1989), Strangeway (1992) also inves-

tigated a beam driven instability. He assumed a beam

density of 5 cm -3 parallel drift speed = parallel ther-

mal velocity = 0.007c (12.5 eV), and a temperature

anisotropy T.L/T = 2. This beam represented pre-

cipitating solar wind electrons that had gained access

to the nightside ionosphere of Venus. He found

growth rates less than 0.1 dB/km, requiring growth

paths of at least 1000 km for a gain of 100 dB. It is

hence very difficult for whistler-mode waves to grow

to appreciable intensities within the nightside iono-

sphere, especially at low altitudes.

4. LIGHTNING OR DENSITY FLUCTUATIONS

Grebowsky eta/. (1991) recently reported obser-

vations of density irregularities by the Langmuir

probe onboard the Pioneer Venus Orbiter. (The Lang-
muir Probe is also known as the Orbiter Electron

Temperature Probe. or OETP.) Grebowsky et al. also

noticed a correlation between the Langmuir probe

anomalies and changes in the wave intensity measured

at 100 Hz by the OEFD. They tbund that between

56% and 73% (depending on the event selection cri-

teria) of the Langmuir probe anomalies had 100 Hz

bursts associated with them. Unfortunately. the study

of Grebowsky et al. suffered from several factors that

made comparison with other studies of the burst rate

difficult. First, each Langmuir probe sweep lasted

0.5 s, but only one sweep was transmitted to the Earth

every 8 s. The other sweeps were reduced onboard

before transmission. Thus, while anomalies could be

tested for associated 100-Hz bursts, the reverse was

not the case.

Grebowsky et al. (1991) did compare their rate of

coincidence with that expected from the burst rate

studies of Ho et al. (1991). However, the burst rate

studies used a fixed threshold of 2 × 10 -_ V2/mZ/Hz,

while Grebowsky et aL counted signals as low as a

factor of 2 above background as being bursts. For

reference, the background of the 100 Hz channel is

variable, but is typically around 10-'° V2im_',Hz. Thus

it is difficult to compare the coincidence rate as

reported by Grebowsky et al. (1991) with that

expected for random coincidence. Furthermore,
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Fig. 9. Whistler-mode dispersion curves for different propagation angles (after Strangeway, 1992). Wave
frequencies are normalized to the electron gyro-frequency, while the parallel wave vector is normalized to
the inverse of the plasma skin depth. The shaded regions show where thermal electron Landau and gyro-

damping are expected to occur.

Grebowsky et al. did not compare the coincidence

rate for anomalous scans with the rate found for nor-

mal scans, again making a comparison with random

coincidence difficult.

Here, we take a statistical approach to determine if

the apparent association of Langmuir probe ano-

malies is more than simply random coincidence. We

have used the Langmuir probe anomaly data (J. M.

Grebowsky, personal communication, 1992) for the

first three nightside periapsis seasons as a basis for

this determination. As a first step, we use the burst

counting method of Ho et al. (1991) to calculate the

probability that one or more bursts exceeding the

2x 10-_V-'m"Hz threshold will occur in any 2-s

interval. We have chosen this length of interval since

the Langmuir probe anomaly timing is given to the

nearest second. Using that probability, we can then

compare the coincidence rate for bursts and Langmuir

probe anomalies with that expected through random

coincidence.

The first row of Table 1 shows the results of this

calculation for all the data acquired within 0.9 R,. of

the Venus-Sun line, and altitudes <300 km in the

nightside ionosphere. The table shows that 20% of the

Langmuir probe anomalies have one or more 100 Hz

bursts occurring within a 2-s interval including the

Langmuir probe sweep. Since the probability that one

or more bursts will occur in any 2-s interval is _ 7%,

the observed degree of coincidence lies in the upper

0. 1% of the tail of the binomial distribution for 150

samples with a 7% event probability, under the

assumption of independent events. Another way of

assessing the significance of the observed degree of
coincidence is to note that for a binomial distribution

with event probability of 7%, the mean number of

events is 10 for 150 samples, while the variance is also

10. The standard deviation is therefbre _ 3, and the

observed number of coincident events is at least 6

standard deviations away from the mean. Thus, the

20% coincidence is statistically significant, but it is
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Table1.ComparisonofburstprobabilityandthecoincidencerateforLangmuirprobe(OETP)anomalies.Thebinomial
probabilitygivestheprobabilitythatthenumberofcoincidentevents>m, for N Langmuir probe anomalies (corresponding

to a one-tail test)

Burst OETP Coincident Coincidence Binomial

probability anomalies (N) anomalies (m) rate probability

All intervals 6.61% 150 30 20.00% < 0.10%
Whistler 9.19% 90 16 17.78 % 0.77%
Non-whistler 4.20% 60 14 23.33% <0.10%

Table 2. Comparison of burst probability and the coincidence rate for Langmuir probe (OETP) anomalies, using those
intervals for which Langmuir probe UADS data are available

Burst OETP Coincident Coincidence Binomial

probability anomalies (N) anomalies (m) rate probability

All intervals 6.450,% 63 11 17.46% 0.22%

[I,. < I 12.98% 52 10 19.23% 12.98%

much less than that reported by Grebowsky et al.

11991).

In previous sections, we have emphasized that the

I00 Hz waves correspond with vertically propagating

whistler-mode waves. In computing the burst prob-
ability, however, we have assumed that the bursts

occur independently of the underlying ionospheric
conditions. In the lower two rows of Table I, we

have tested each interval for whether or not vertical

whistler-mode propagation is allowed. The table

shows that the probability of a burst occurring in an
interval in which vertical propagation is allowed is

9%, somewhat higher than for all intervals, while

the degree of coincidence has dropped slightly,
18%. Thus, the coincidence rate lies in the upper

1% of the binomial distribution for 90 samples with

9% event probability. This again suggests that the
coincidence is not random, but is much less than one

would expect for a direct causal relation between

Langmuir probe anomalies and I00 Hz bursts. For

completeness, Table I also includes the "'non-whis-
tler'" intervals.

One interesting feature in the table is that, regard-
less of the selection criteria, the coincidence rate is

roughly constant. This suggests that the coincidence

occurs because of some underlying property of the

ionosphere that is common to both signatures. In the

previous section, we have shown that low/_ is required

for whistler-mode propagation. Huba (1992) sug-

gested that the Langmuir probe anomalies may be

signatures of the lower hybrid drift instability, and he

has shown that low #_. also applies to the lower hybrid

drift instability. However, in Table 1. we have

included all intervals, irrespective of /_e- This will

reduce the predicted probability for 100 Hz bursts.

In Table 2, we show the burst probability for those

intervals for which//_ < 1. In order to determine/_,

we need to know the electron density and temperature.

We have used Langmuir probe data from the Unified

Abstract Data System (UADS) for this purpose. We

have interpolated the data to the 2-s resolution used
earlier. UADS data are not available for all the inter-

vals, and we have included the probabilities for all

intervals for which we have UADS data, and those

intervals for which [3_< 1.

Table 2 shows that the coincidence rate is similar

to the values given in Table 1 for all the intervals,

although the probability of random coincidence is

higher, because of the smaller sample. The bottom

row of Table 2 shows that the burst probability is

quite high, _ 13%, for []_ < 1, while the coincidence

rate is _- 19%. For the number of samples, this rate

lies in the upper 13% of the Binomial distribution.

This is a "one-tailed" test, while it is usual to use a

"'two-tailed" test when testing against random coinci-

dence. For this purpose, one can roughly double the

percentage, and there is a less than 75% probability
that the observed coincidence is not random. When

testing for a non-random association of events it is

usual to require at least a 95% probability before the

null hypothesis of random coincidence is rejected (e.g.

Pollard, 1977).

Given the relatively low likelihood of non-random

coincidence, and the generally low degree of cor-

relation (<20%), we conclude that the Langmuir

probe anomalies do not explain the 100 Hz bursts.
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Rather.both100HzburstsandLangmuirprobeano-
maliestendtooccurinregionsoflow[]__

5. LIGHTNING OR LOWER HYBRID INSTABILITY

While the Langmuir probe anomalies are not stron-

gly associated with the 100 Hz wave bursts, here we
address the likelihood that the lower hybrid drift insta-

bility discussed by Huba (1992) and Huba and Gre-

bowsky (1993) could be responsible for the 100 Hz

bursts. Huba (1992) pointed out that. although the

louver hybrid resonance frequency is only a few Hz in

the nightside ionosphere, sufficiently short wavelength

_aves can be Doppler-shifted up to 100 Hz by

the spacecraft motion. The spacecraft velocity

10kms ', and a wave with wavelength 100m will

be Doppler-shifted to 100 Hz. For an electron tem-

perature of 0.1 eV. and a magnetic field strength of

30nT. the electron Larmor radius (t)_) is _35m.

Thus, kp,. z 2. _here k is the wave vector. Huba

(1992) found that this wavelength range is typically

unstable to the lower hybrid drift instability.

The lower hybrid drift instability is generated by

the relative drift between electrons and ions caused by

a density gradient. The magnitude of the particle drift

is determined by the gradient perpendicular to the

ambient magnetic lield a parallel gradient does not

cause a drift. The drift is perpendicular to both the

magnetic field and the gradient, and the waves propa-

gate in the direction of the drift. For a particular

species, the density gradient drift is given by

c, = c_?_2L,_, (1)

where r.r is the thermal velocity of the species, L, is

the scale length of the density gradient and fl is the

species gyro-frequency. For a magnetic field gradient,

the drift is given bv

l'h = 1'_'2Lb_, (2)

where Lh is the scale length for the change in magnetic

lield magnitude.

If the plasma is m pressure balance, then it can be

_hown that

Lb (#_. + [I,) = - 2L_, (3)

_ here the subscripts e and i denote electrons and ions,

respectively. If the ion and electron temperatures are

equal, then Lb[l,. = -L.. Thus. as [I_. increases, the

magnetic field gradient drift becomes comparable with

the pressure gradient drift, but it is in the opposite

direction, and the instability is quenched for [_ > 1.

Low []_. is therefore a necessary condition for both
the lower hybrid drift instability and whistler-mode
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propagation in the nightside ionosphere of Venus.

However, unlike the whistler-mode, low [3_ is not

the only requirement for the lower hybrid instability.

As noted above, the lower hybrid resonance frequency

is only a few Hz, and the electron collision frequency

can be large enough to damp the instability, especially

for high densities and weak magnetic fields. The elec-

tron collision frequency c= 2.91 x 10-6nT¢-3-'2 s -I,

where 2 is the Coulomb logarithm _ 15, the density is

expressed in cm - 3 and the temperature is in eV (Huba

and Grebowsky, 1993). For a density of 10 4 cm -3 and

a temperature of 0.1 eV, c= 15 s-', while the lower

hybrid resonance frequency (_'_th) _30 rads-' when

B = 30 nT. Thus, the collision frequency can be com-

parable with the wave frequency.

Another condition that applies to the 100 Hz waves.

but not to the density fluctuations, is the requirement

that the wavelength be _ 100 m, so that the wave

can be Doppler-shifted to 100 Hz through spacecraft

motion. Huba and Grebowsky (1993) found

maximum growth occurred for kp, _ 2, although the

actual value depended on the choice of the plasma

parameters, and the gradient scale length. As noted

above, this implies an electron Larmor radius _ 35 m,

which for T_ = 0.1 eV, requires a magnetic field

strength of 30 nT. If the field strength is smaller than

this, then the kp_ required for Doppler-shift to 100 Hz

becomes too large, and the waves tend to be damped.

Thus, the lower hybrid drili instability requires low

[]_.. low collision frequencies, and small electron

Larmor radii to generate short wavelength waves that

can be Doppler-shifted to 100 Hz. In Fig. 11, we show

where the burst intervals used in determining the burst

rates discussed above occur as functions of electron

density and magnetic field strength. In order to

explore whether or not these bursts correspond with

lower hybrid drift waves, we have plotted several ref-

erence curves. Above, we discussed the various par-

ameters relevant to the lower hybrid instability

assuming an electron temperature of 0.1 eV. However,

the temperature is not constant, and we find that

T_. = 0. 188 01/2.45 x 103) -11445 for the burst intervals,

using a least squares regression, where T_ is in eV, and
n is in cm -3. The correlation coefficient is 0.686, with

1234 points. This regression line allows us to specify

the temperature for a given density, and so determine

the following reference curves as a function of density

and magnetic field strength : #,. = 1, c/o),h = 0.25, and

kp_ = 3. As an approximate rule of thumb, we expect

the lower hybrid drift instability to generate Doppler-

shifted 100 Hz waves in regions for smaller values of

these parametiers.

Figure 11 indicates that there are large regions of

the B-n parameter space where bursts occur, but the
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Fig. 10. The convective damping rate of 100 Hz whistler-mode waves as a function of the normalized

electron thermal velocity ( = ,, ft,). The observed magnetic lield strength, electron density and temperature

are used to calculate the damping rate for parallel propagating whistler-mode waves at [00 Hz, assuming

an isotropic plasma• The thick line passing through the data gives the median \, [,_ as a function of the

damping rate, binned every half decade. A damping rate of 8.686 dB/km corresponds with 1 e-folding of
the wave amplitude/kin.

approximate conditions for lower hybrid instability

are not satisfied. However. most of the bursts occur in

the region where fl_ < 1, as we expect for the whistler-

mode. A word of caution is in order when interpreting

Fig. 11. The various limiting curves are indicative of

the likely region of lower hybrid drift instability, but

we have not performed an instability analysis. Huba

and Grebowsky (t993) present instability limits in a

similar format. They find that for sufficiently high

drift speeds, corresponding to short gradient scales,

the collision frequency and [_ constraint can be

relaxed for high densities, while the Larmor radius

restriction is less important for tow densities. The

maximum drift speed used is twice the ion thermal

velocity, i.e. r,, _, 2 km s -_ From equation (1)

r,,,t'ri = p, 2L,, implying that L, _ 0.25pi. The ion

Larmor radius is _ 10 km for B _ 30 nT, and the high

drifts invoked by Huba and Grebowsky (1993) corres-

pond to gradient scale lengths _2.5 km. This is an

extremely short scale length; with this scale length,

the density changes by two orders of magnitude in

12 km which, for a spacecraft velocity of 10 kms -_,

would correspond to a two-order of magnitude change

in density in just over 1 s. Another possible restriction

of the applicability of the lower hybrid drift instability

at Venus is the extremely narrow propagation angle

because the plasma composition is mainly O +. Huba

and Grebowsky (1993) note that electron Landau

damping will become important for angles _0.33 _

away from perpendicular propagation.

In summary, it is possible that the lower hybrid

drift instability can operate in the Venus nightside
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Fig. 11. Scatter plot of burst occurrence as a function of electron density and magnetic tield strength.

Various limiting curves are also shown. The lower hybrid drift instability is most likely to occur for low fl_,

low V'CO,h,and low kp_. The whistler-mode requires low []_ only. At any particular density, lower values of

fl_, t'i(o,h, and kp_ lie above the limiting curves shown.

ionosphere. However, the gradients required are

extremely steep, and electron Landau damping is

likely to be important. In addition, we noted earlier

that the association between kangmuir probe ano-

malies and 100 Hz bursts is low. about 20%. Thus,

the lower hybrid drift instability may explain the ano-

malies reported by Grebowsky (1991), but it only

explains a small fraction of the 100 Hz bursts observed

at Venus. The 100 Hz waves are more likely to be

_ histler-mode waves.

6. CONCLUSIONS

There is now a large body of evidence that supports

the hypothesis that atmospheric lightning is a source

of plasma waves in the nightside ionosphere of Venus.

Figure 12 gives a sketch of how signals generated by

lightning are detected by the Pioneer Venus Orbiter.

The sketch shows a portion of the nightside iono-

sphere containing an ionospheric hole. The magnetic

field within a hole is thought to be generated by IMF

field lines that are transported to the nightside iono-

sphere. Therefore, the field lines within a hole must

ultimately be connected to the IMF, and holes are

thought to come in pairs (Brace et al.. 1982). The field

lines that exit the bottom of the figure are assumed to

be connected to another hole, where they pass back

out of the ionosphere into the solar wind. Given the

high magnetic field strength within an ionospheric

hole, it is likely that some of the field passes through

the ionosphere and enters the atmosphere below. At

low frequencies, electromagnetic waves generated by

lightning may propagate some distance in the surface

ionosphere waveguide. A hole will provide a region

where whistler-mode radiation can escape because of

the enhanced magnetic field and reduced density.

Thus, we expect the 100 Hz bursts to be detected at

large distances from the source. At higher frequencies.
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it is possible that the spacecraft detects "'near-field'"

effects, perhaps due to direct coupling to the iono-

sphere, and we expect the high frequency bursts to

occur close to the lightning source.

On escaping from the atmosphere, whistler-mode

waves will be refracted vertically, assuming a hori-

zontally stratified medium, and we can determine if

the waves are within the whistler-mode resonance

cone solely from the orientation of the magnetic field

with respect to the vertical. The resonance cone test,

which applies only for a wave source below the iono-

sphere of Venus, clearly shows that many of the

100 Hz wave bursts are whistler-mode waves pro-

pagating from beloxv the ionosphere. Vertical refrac-

tion explains why the burst rate of 100 Hz waves is a

maximum for vertical magnetic fields. The burst rate

for 100 Hz waves reside the resonance cone decreases

much more slowly with increasing altitude, in contrast

with the non-whistler-mode high frequency bursts and
the 100 Hz bursts outside the resonance cone. The

_avcs _ithin the resonance cone are polarized per-

pendicular to the ambient field.

One alternative explanation for the 100 Hz waves

_, that they are whistler-naode waves generated in situ

by a plasma wave instability. However, because of the

weak magnetic held in the nightside ionosphere of

Venus, the electron beta (fl,.) can be large. Thus, we

expect 100 Hz waves to be detected in "'ionospheric

holes", where the plasma density is low, and the ambi-

ent field is large, _ith a large vertical component. The

damping due to thermal electrons will be lowest in

such a region. However. even m holes, there is

sufficient damping to quench any instability due to

precipitating electrons that .nay have come from the
solar wind.

More recently, the lower hybrid drift instability has

been postulated as an alternative explanation of the

100 Hz waves. As with the whistler-mode, the lower

hybrid waves are expected to occur in regions of low

[_. However, the lower hybrid drift instability requires

small electron Larmor radii, and hence large fields.

since the wavelength of the waves must be _ 100 m

to be Doppler-shifted to 100 Hz through spacecraft

motion. Additionally. the required gradient scale

length must be very short, _2.5 kin, so that the result-

ant gradient drift velocity is large enough to overcome

the damping due to collisions in high density regions.

The ion Larmor radius is typically *_5 km.

The lower hybrid instability may better explain the

Langmuir probe anomalies investigated by Gre-

bowsky et al. (1991). Grebowskyet al. reported a high

degree of coincidence between 100 Hz wave bursts

and gangmuir probe anomalies, but they did not use

a consistent identification criterion for the wave

bursts. We find a much lower degree of coincidence

(_20%1. This level of coincidence appears to be

because both the wave bursts and Langmuir probe

anomalies are mainly detected in regions of low /_,

rather than being due to a common source.

The major question remaining for the 100 Hz waves

concerns how much of the energy generated by light-

ning gains access to the ionosphere. Huba and Row-
land (1993) have determined the attenuation due to

collisions as the waves enter the atmosphere. They

found that. for peak densities of 104cm _, approxi-

mately 0.1% of the incident wave energy could be

transmitted through the ionospheric density peak.

provided that the vertical magnetic field was _ 30 nT.

The attenuation scale depends quite strongly on the

ambient magnetic field strength and plasma density.

Strangeway et al. (1993) compared the observations

at very low altitudes ( _ 130 kin) obtained during the

Pioneer Venus Orbiter entry phase with predictions
for the attenuation scale. The observed attenuation

scale lengths were _1 km, consistent with lightning

generated whistler-mode waves propagating through

a moderately dense plasma with a vertical field

< 10 nT. However. possible spacecraft interactions

with the neutral atmosphere cannot be completely

discounted as a source for the waves at very low alti-
tudes.

The wide-band bursts detected at low altitudes may

also be due to lightning, and may be evidence for

direct coupling of lightning into the ionosphere oi"

Venus. However, this interpretation is somewhat

speculative, and an additional study of coupling mech-

anisms and alternative sources is warranted. Some

insight into the nature of the broadband waves may

be obtained through comparison with the recent

GEOTAIL results (Matsumoto et al., 1994). The

GEOTAIL data indicate that broadband signals

observed in the geomagnetic tail consist of short wave

packets, which have a broad frequency signature when

sampled as a function of frequency. Doppler-shift may

cause additional broadening of the signal. By analogy

with these signals, the broadband bursts detected at

Venus may correspond to short duration wave packets,

as expected from an impulsive source such as

lightning.

In conclusion, the preponderance of the evidence

points towards atmospheric lighming as the dominant

source of plasma waves at low altitudes within the

nightside Venus ionosphere. Some may reject this

explanation, citing an as yet unknown plasma insta-

bility as an alternative. However, in the absence of

any viable alternative, and given the consistency of

the observations with the lightning hypothesis, the

plasma wave data acquired by the Pioneer Venus
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Abstract. In this study we use 14 years of Pioneer Venus
Orbiter Electric Field Detector (OEFD) data to define
the characteristics of VLF burst activity in the nightside

ionosphere of Venus. Our statistical results show that
there are essentially four types of VLF signals. The first
type of signal is only observed in the 100 Hz channel
and not in any of the higher frequency channels (730
Hz, 5.4 kHz or 30 kHz). Occurrence of these waves is

controlled by the magnetic field with a weaker depen-
dence on electron density. The occurrence rate
decreases with increasing altitude to a height of 600

km. For higher altitudes beyond 600 km the occurrence
rate remains roughly constant. The statistics of these

signals are what one would expect for whistler mode
waves from a subionospheric source. The second type

of signal is broadband wave activity appearing below
300 kin in the low altitude ionosphere. These signals
often occur in all four channels of the OEFD. These

signals are also thought to come from a subionospheric
source. The third type of signal is strong mid-frequency
broadband burst signals appearing near the edge of

the planetary optical shadow. They are probably ion
acoustic waves generated by a current driven instability
associated with plasma clouds in the wake, The fourth

type of signal is a narrow band wave. It occurs in either
of the two high frequency channels in the high altitude
tail region, and is attributed to locally generated Lang-
muir waves. In addition, we also observe spacecraft
interference noise in both the 100 and 730 Hz channels.

These signals mainly occur near the edge of the plan-
etary optical shadow and have an inbound and out-
bound asymmetry in activity.

1. Introduction

Nearlv 14 ','ears of plasma wave data were acquired by
the Pioneer Venus Orbiter (PVO) in orbit around Venus,

*Present address: Jet Propulsion Laboratory. Pasadena. CA
91109, U.S.A.
Correspondence to: C.-M. Ho

since PVO was inserted into the orbit of Venus in
December of 1978 and before it descended in October of

1992. PVO had an elliptical orbit with apoapsis of 72.000
km and a variable periapsis from 150 to 2200 km. When

the spacecraft was in sunlight spacecraft associated noise
often dominated the plasma wave measurements, but

when the spacecraft entered eclipse these noise sources
ceased and the measurements more clearlv represented

ambient signals, although there were still some more inter-
mittent sources of interference. Through the 14 year
period, orbits with periapsis in the nightside ionosphere
have covered the entire nightside region at altitudes rang-

ing from 150 to 3000 kin. In the low altitude ionosphere
many intense VLF wave bursts have been detected, which
have been attributed to lightning (Scarf et al., 1980:
Russell. 1991 : Strangeway, 1991a). Until recently, work
has concentrated on these low altitude signals because of

their possible implications for the occurrence oflighming.
Hence, how VLF signals are distributed at higher altitudes
and whether or not there are other wave sources in the

upper ionosphere remained unknown. The purpose of this
paper is to look at the full range of observations of the
Pioneer Venus plasma wave instrument to determine what
types of plasma wave emissions are seen at high and low
altitude, and to determine how the low altitude signals

relate to the signals at high altitudes.
The solar wind interaction with Venus forms a wake

region immediately behind Venus (Brace et al.. 1987). The
central part of this region lies inside the optical shadow
of Venus. Here the spacecraft is out of the direct influence
of the solar wind and solar extreme ultraviolet radiation.

However. the plasma density and the magnetic field dis-
tributions in the nightside ionosphere are quite non-uni-
form (Brace et al., 1982). There are tail ray structures in
the upper ionosphere, and density troughs with radial

magnetic fields in the lower ionosphere. These features
may affect both the propagation and the possible gen-
eration of plasma waves.

Previous studies of VLF burst signals focused on the

data of the first few PVO eclipse seasons with low periapsis
altitude and high telemetry rate. Scarf et al. (1980) ana-
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lyzed the VLF data in terms of the instantaneous direction
of tile magnetic field and showed that lightning-like

impulses were detected when projection of the local mag-
netic field intersected the planetary atmosphere. Scarf er
al. (1987) studied burst activity as a function of altitude

and position for the first 10 eclipse seasons (up to orbit
2124): However. tile occurrence rate was not normalized

by time spent at each altitude. Using data from orbit 1 to
orbit 1895, Taylor et al. (1987) suggested that burst event
rates decreased at lowest altitude. They thought that the

source which generates these signals was in the low alti-

tude ionosphere instead of the lower atmosphere. But
recent studies show that at low altitudes it is unlikely that

any ionospheric source in the Venus nightside can produce
those signals which have been identified to be in the
whistler mode (Strangeway. 1991 b : Ho el a/.. 1991 ).

Russell el al. (1988) undertook normalized studies of
tile altitude distribution of impulsive signals for the first
four seasons. They checked whether or not burst activity
occurred within each 30 s interval of the electric field data
for each channel of the four available frequencies (100

Hz, 730 Hz, 5.4 kHz and 30 kHz). If the signal exceeded
a threshold chosen to be well above the instrument back-

ground, a burst was defined to have occurred in a 30 s
interwd. The percent occurrence rate was calculated by
dividing tile number of intervals containing bursts by the
total number of observed intervals. Recently. Ho et al.

(1991) used a new definition for burst signals and per-
formed statistics for the first three seasons of high res-

olution data. However, these results were obtained at low
altitude, and the local time variation and the magnetic

field dependence should be further tested using high alti-
tude data.

The present study uses an experimental technique simi-
tar to that of Russell et al. (1988) to examine all nightside

data between 20 December 1978 and l March 1992 (orbits
16-4834) to calculate fractional burst occurrence rate.

We investigate the spatial distribution of all burst signal
activity in the nightside to find the spatial positions of the
sources. We calculate the altitude distribution and the

seasonal variation using all data. This altitude distribution
will assist us m finding local sources of these waves.

However, ttle apparent altitude variation may also be
afl'ected by secular variations of the ionosphere. We will
attempt to distinguish these variations (seasonal and alti-
tude) to find the most probable source for tile burst

signals. To facilitate this. we will investigate their cor-
relation with the magnetic field and plaslna density.

+

2. Measurements

When the Pioneer Venus Orbiter electric field detector

(OEFDI enters the Venus optical shadow, plasma wave
noise levels decrease in all frequency channels due to the

weakening ol" photo-emission. We consequently select
data starting from the inbound shadow edge and ending
tit the outbound edge. The data period acquired for each
orbit is variable and depends on periapsis altitude and
local time. We have included all orbits from season 1 to

season 22 (1978-1992) as long as the periapsis of the orbit

is in the nightside shadow region. But for the magnetic
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field and electron data, only tile first 16 seasons were
available for use in the present study.

In this study we define bursts using the technique
described by Russell et al. (1988) and Scarf et al. (1987).
The data are divided into 30 s intervals for each channel.

If the signal exceeds a previously' defined threshold ampli-
tude in any particular interval, then a burst is said to have
occurred, whether it is a single short burst or many longer

signals. Threshold levels for the four channels are 2 x 10- 5,
1.5x10 -_. 3x10 -_'and9xl0--Vm _Hz i:at 100 Hz.

730 Hz. 5.4 kHz and 30 kHz, respectively. After surveying
all 22 seasons of nightside data, we find that generally
there are four types of natural signal and one type of
artificial interference signal observed bv the OEFD. Four

examples of these typical signals are shown in Figs. la,
lb, 2a and 2b for four different orbits. While orbit 531 is

at a low altitude (periapsis altitude: 153 kin), orbits 1163,
1175 and 1662 are at a higher altitude Iperiapsis altitudes
are 1062 km, 1103 kin and 1728 km, respectively). We see
that there are some narrowband signals which only appear
in the 100 Hz channel on the left side of Fig. la. They are
below the gyrofrequency./_ (average 560 Hz in this region)
and have all the features expected of a whistler mode

signal. We define these signals as 100 Hz narrowband
(NB) signals. If there is any signal occurring sim-
ultaneously in one or more of the three high frequency
channels, even though their amplitudes are below the thr-
eshold level in that channel, these 100 Hz bursts are not

considered to be possible 100 Hz NB signals. However,

these signals may be classified as other types of signal.
The second type of signal which is shown on the right side
of Fig. ta is a stronger impulsive broadband signal. These
signals have relatively larger amplitude well above the
threshold levels (indicated by dashed lines) in the 5.4 and

30 kHz channels. We will investigate these high frequency
(HF) broadband signals through their activity in tile two

high frequency channels in the low ionosphere. The inter-
ference signals with a 6 s interval (half spin period of
spacecraft) at the right of Fig. la in the 100 Hz channel
has been excluded from our statistical study, as well as

any telemetry noise.
In Fig. lb, we see a signal which is relatively weaker

and mainly appears in both 100 and 730 Hz channels.
However. in the 730 Hz channel, the signal is at or below
the threshold level. These 100 and 730 Hz signals are

strongly correlated and both seem to extend from outside
the shadow into the inner shadow region. We define this

type of signal as low frequency (LF) wideband signal in
this study. These signals may be interference due to an
interaction between the spacecraft and the background

plasma. We will identify these signals through their spatial
distribution and properties later.

The other two types of signal are shown in Fig. 2a and
b, respectively. Tile third type of signal (Fig. 2a) is a

strong mid-frequency (M F) burst signal. These M F bursts
often appear m lOO Hz. 730 Hz and 5.4 kHz channels.
Occasionally they may extend into 30 kHz channel. They
usually appear near the optical shadow edge and have 1
or 2 rain duration. These signals are different from the
weak LF interference noises appearing in the left side of

Figs. 2a and lb. As shown in Fig. 2b, the fourth type of
signal is a high frequency narrowband signal, which has
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Fig. I. T_o orbits which shod, t,I t\vo types of signal and one type of noise observed in the nightside
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orbit 531 there are tx_o types of signal, the 100 Hz NB signal (at left), as opposed to wideband signals

(at right). Also we can see some interference spikes in the 100 Hz channel in the right of the plot. (b)
For orbit I175 some interference noise in both the 100 and 730 Hz channels :ire weak and correlated.

The optical shadow edge is also shown. At left. outside the shadow, the background noise caused by

photoelectrons and the interference due to spacecraft spin are very strong
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completely difl'erent features from tlae H F wideband sig-

nals at low altitudes. These signals often appear in the 30

kHz channel in the upper ionosphere near the tail region.

but sometimes appear only in tim 5.4 kHz channel. They

do not simultaneously appear in both channels.

3. Spatial distribution

First, we need to choose a coordinate system in which to

analyze the data. Because Venus has no significant intrin-

sic magnetic field, we expect the interplanetary magnetic

field (IMF) would exert some control on the magnetic

--structure of the nightside ionosphere ( Phillips et al., 1986).

However, we do not know to what extent IMF orientation

would also affect the distribution of plasma wave activity.

We have examined the occurrence patterns in a coordinate

system ordered by the upstream IM F direction. Our stat-

istical study shows tlaat most types of signals are not

significantly ordered in the upstream IM F coordinate sys-

tem and the IMF does not control the wave activity in

any obvious manner. Thus. for statistical purposes, we

have assumed that all burst activity is axially symmetric.

Figure 3a-f shows these distributions in a cylindrical coor-

dinate system (p,X'), with Xin the direction of the Venus-

Sun line and p is the distance from ,\'.

We are concerned with both the available spatial cover-

age and the spatial distribution of the burst activity. Fig-

ure 3a shows the observational coverage by the spacecraft.

Note that we have used a logarithmic scale to show the

spatial variation of the number of 30 s time intervals. The

coverage region is restricted to p from 0 to 1.05 R,, and X

from -0.3 to -1.5 R, (I R,.=6052 kml. The optical

shadow edge is somewhat greater than 1 R, because the

ultraviolet radiation from the sun is absorbed in the upper

atmosphere. The blank region at left shows the planet

while the blank area to the right shows the region

with no coverage. In the regions beyond p = I and

around midnight (p < 0.1), the time coverage is very

low (less than five intervals of 30 s). Thus, the normal-

ized signal occurrence rates will be less accurate in these

regions.

The signal distribution for 100 Hz NB signals is shown

in Fig. 3b. Here. we have interpolated the data to make

the contour map. There is some spreading of the contours

beyond the actual data which is due to the interpolation

scheme used to plot the data. Gradients near the edge of

the map should be ignored. Because the 100 Hz NB signals

have been identified as not being associated with an,,

signals above the electron gyrofrequency, we have

excluded the possibility that they are wideband ion acous-

tic waves. We can see that the most intense burst activity
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on the left-hand side in the two lower frequency channels. (b) For orbit 1662 some signals appear in

the 30 kHz channel only in the upper ionosphere and tail

occurs at lowest altitudes and spreads toward higher alti-

tudes. This low altitude activity has been studied exten-

sively in the past and attributed to a subionospheric source

(Scarf et al., 1980, [987, Russell, 1991: Strangeway,

1991a. b). Around midnight, the 100 Hz NB occurrence

rate is higher and extends into higher altitudes. This may

be attributed to a higher occurrence of density holes with

radial magnetic field around this region as reported pre-

viously (Brace et al., 1987). At very low p (<0.1) there is

some variability in the occurrence rate, but this is mainlv

due to the low counting statistics. The general trend is

similar to that seen at lower sohtr zenith angles.

Strangeway ( 1991 b) has shown that at low altitudes 100

Hz burst signals, which are within the whistler resonance

-cone (0_=cos-_(100Hzil_c)) have polarization con-

sistent with whistler mode waves. If we assume that the

100 Hz NB signals shown in Fig. 2b are propagating

vertically, we find that 80% of them are propagating inside

the whistler resonance cone. The fact that we have used

30 s average values ror the total magnetic field, and that

the instantaneous field may be different from the average

value may at least in part explain the 20% apparently

outside the resonance cone.

The signals in the 730 Hz channel are below,/,)_ onlv

when the magnetic field strength is greater than 26 nT.

Because they are often associated with 100 Hz and 5.4

kHz wideband signals, they are probably not whistler

mode signals. From the 730 Hz signal occurrence dis-

tributions (Fig. 3c), we can find that there are many burst

signals which appear just inside the shadow edge. p

between 0.8 and I R,. These signals have a high degree of

coincidence with signals in the 100 Hz channel, which we

have defined as LF wideband signals. Figure 3d shows the

occurrence rate of the LF wideband signals. In Fig. 3d we

have counted all 100 Hz signals which are correlated with

the burst activity in the 730 Hz channel, even though the

730 Hz signals may be below threshold. As a comparison,

those signals only above the threshold are counted at 730

Hz in Fig. 3c. Thus, there is a much higher burst occur-

rence rate for the LF wideband signals than the rate for

the 730 Hz signals. Their intensitv is stronger around the

shadow edge and becomes weaker as p decreases. As we

will see later, we have identified these signals as being due

to spacecraft interference. We can see a clear boundary

between the LF signals along the shadow edge and the

730 Hz signals at low altitudes. The two signals come

from different sources.

There are also some high frequency broadband signals

appearing in the lower ionosphere close to the planet as

shown in Fig. 3e. Usually their amplitude is stronger rela-

tive to background and they extend from the 100 Hz into

the 5.4 kHz and 30 kHz channels. On comparing with the

other frequencies, we see a large wideband burst peak

occurring at low altitudes around X=-0.6 and
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p = 0.8R,. These low altitude signals become less strong
in the 30 kHz channel (Fig. 31").

Along the shadow edge we also see some wave activity
in the 5.4 kHz channel as shown in Fig. 3e. Detailed study
shows that they are strong broadband mid-frequency sig-
nals. Though these signals also appear close the optical
shadow edge. they are significantly different from the LF
interference noise. They often extend from 100 Hz channel
into 730 Hz. and 5.4 kHz channels. Occasionally. they
may extend into the 30 kHz channel. While the inter-

ference noise has weaker amplitude around or below the
threshold level, the MF broadband signals are much
stronger and well above the thresholds in each channel.
They have about 1 or 2 rain duration and usually only
occur once per orbit. In the 30 kHz channels the MF
broadband signals become much fewer in number as
shown in Fig. 3f.

At higher altitudes in the tail region (> 1200 kmL there
is burst activitv in the higher lYequency channels, 5.4 and
30 kHz. However, these waves are narrow band waves,

because thev never appear simultaneously in both chan-

nels. The signals m the 30 kHz are relatively strong and
extend into middle altitudes from the tail region. It is
unlikely that these signals come from a low altitude
source. They may be generated by a local instability in the
tail region, and are probably Langmuir oscillations (Ho
et al., 1993). If so this implies that the density is about 10
cm-3 when the 30 kHz signals are seen and about 0.36
cm _ when the 5.4 kHz signals are seen.

In short, through the entire nightside spatial dis-
tributions of the burst activity, we find that there are

mainly tk_ur types of signal which come from different
sources. The first one is the 100 Hz narrowband signals.
The second one is a high frequency broadband wave. Both
occur in the lower ionosphere. The third one is a mid-
frequency broadband burst. It mainly appears near the
shadow edge. The fourth one is a high frequency narrow
band signal, which appears in the 30 kHz and 5.4 kHz
channels in the upper ionosphere. Also we find some inter-

ference noise near the Venus nightside optical shadow.
We will identit'v these waves and discuss their generation
mechanism in the following sections.

4. Low altitude source

From the spatial distributions of all signal activities, we
may generally determine two categories: low altitude
source signals and high altitude source signals. First, we
examine the properties of the signals from the low altitude
source. They include the 100 Hz NB and HF broadband

signals. We will see how these signals are damped with
increasing altitude.

After the first three eclipse seasons, the PVO periapsis
altitude began to rise as shown in Fig. 4. Maximum per-
iapsis altitude of 2270 km was reached in season 13. Then

the altitude gradually declined. Thus. PVO took a period
of over 10 terrestrial years to complete the measurement
of the entire upper ionosphere of Venus through changes
in the orbit altitude. These observations included both

spatial and temporal variations. Since the period of the
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Fig. 4. Seasonal variation of burst activity in the four available
frequency channels. The average PVO periapsis altitude of each
season is also shown. Generally. the activity of signals from the
low altitude source decreases with increasing spacecraft periapsis
altitude

sunspot cycle is similar to that of the PVO altitude vari-
ation, and since solar activity affects the ionosphere, it is
important to attempt to distinguish the altitude variation
of burst activity from any seasonal variation.

Because no single season covers all altitudes in the
nightside ionosphere, the apparent altitude distribution

may be affected by the variations with season, planetary
surface coverage or local time. Moreover, since each sea-
son has much different altitude coverage, it is almost
impossible to obtain a seasonal or temporal variation in

a fixed and relatively narrow altitude range over ten year
period. In Fig. 4 we can see the variation of the burst
signal activity for the four channels of the OEFD as a
['unction of season from December 1978 to March 1992.

The variation of the spacecraft average periapsis altitude
for each season is also shown. The burst signal occurrence
is closely related to the periapsis altitude of spacecraft. In
the first three seasons the average periapsis altitude of

PVO is as low as 150 km. The 100 Hz NB signal activity
is relatively high. After season 3, the activity decreases as
periapsis altitude gradually increases from 500 to 2200

kin. However, the 100 Hz NB signal activity is enhanced
in seasons 5-8, even though the periapsis altitude has
increased to 1000 km altitude, but then it falls in later

seasons. After season 20 when periapsis declines, the 100
Hz NB activity rises again.

In this 14 year period, the solar cycle varies from

maximum to minimum activity, while the spacecraft per-
iapsis rises and then falls. In order to separate the temporal
',ariation from the altitude variation, when studying the
altitude dependence of signal occurrence, we divide the
data into three periods. The solar maximum period starts
in 1979 and ends in 1981 (season 1-5). The solar inter-

mediate year is from 1982 to 1984 (season 6-10), while
the solar minimum corresponds to 1985-1987 (season 11-
15). Figure 5 shows the altitude dependence of the frac-
tional occurrence rates lbr the burst signals in the 100 Hz

only (left panel). 5.4 kHz (middle panel) and 30 kHz (right
panel). As we mentioned before, we have identified the
narrowband signals which only appear in the 100 Hz
channel. The high frequency signals in the low altitudes
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Fig. 5. Altitude distributions of burst signal activity during three
different solar activity periods. Fractional occurrence rates for
the 100 Hz NB (left panel). 5.4 kHz (middle panel) and 30 kHz
(right panel) signals are shown. The solid line shows burst rates
during solar maximum, while the dashed line is for solar inter-
mediate and the dotted line for solar minimum. It seems that
there is no obvious solar cycle effect on these altitude variations

are broadband signals down to the 100 Hz channel, but
thev are narrowband signals in the upper ionosphere. We
do not show the 730 Hz and LF wideband signals, because

they do not have an obvious altitude dependence, rather
they have a p dependence.

We can see that this altitude wtriation is basically con-

sistent with the spatial variation as shown in Fig. 3. The
100 Hz NB and HF broadband signals at the lowest alti-

tudes (below 500 km) have the higher fractional activity

rates, even though the HF broadband signal activity is
relatively lower. The data are mainly from the first four
low altitude seasons at solar maximum. The occurrence

rates quickly decrease with increasing altitude and reach
a minimum between 300 and 600 km. The HF broadband

signal occurrence declines more quickly. For example.
from 200 to 400 km altitude the 100 Hz NB rate decreases
by a factor of 2--3, while the rates in the two higher

frequency channels decrease more than one order of mag-
nitude. This suggests that there also is a HF broadband
source below the 140 km altitude.

For the 100 Hz NB signals, the altitude dependence

displays different behavior in two different altitude ranges.
The 100 Hz NB signals have a decline with increasing
altitude below 600 km. However, between 600 and 1800
km. the 100 Hz NB activity roughly remains constant as
altitude varies. We see that there is a slight increase for

burst rate in solar intermediate period (dashed line). Scarf
et al. (1988) have found that the 100 Hz N Bs have different

activity characteristics in the altitudes below 600 km and
above 600 km. Thev suggested that the 100 Hz signals
observed below 600 km are due to direct propagation.

while those signals detected above 600 km come from duct

propagation. The duct propagation has less attenuation
than non-duct propagation. Our altitude distribution is

generally consistent with Scarf eta/. (1988). Also because
later seasons provide data over a different region of the
Venus surface, we have investigated the topographic cor-

relation of these signals. We find that topographic depen-
dence of the signal activity is not strong enough to explain
the altitude variation as shown in Fig. 5a.
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The 100 Hz NB signal activity strongly depends on
magnetic field strength, especially in the lower altitudes
(Ho et al.. 1992). The signal activity is also strongly con-
trolled by the orientation of the magnetic field. We can
see this clearly from Fig. 6a. The whistler mode occurrence
rate is larger for radial field at both low altitude (< 600
km) and high altitude ( > 600 km). The occurrence rate is

higher at low altitudes than that at high altitude. The
control of the burst activity by the magnetic field radial

angle at low altitudes has been noted previously (Ho et
al., 1992).

The correlation of the 100 Hz NB signal activity with
the plasma electron density is not obvious, as shown in
Fig. 6b. The whistler burst observed below 600 km has a
slight peak for densities less than 103 cm -3. However, the
relatively fiat variation of burst rate with electron density

suggests that the 100 Hz NB activity at low altitudes is
only weakly dependent on the local plasma density. Above
600 km the whistler signals appear to be damped in the
higher density regions.

Combining the magnetic field orientation dependence
(Fig. 6al and electron density dependence (Fig. 6b) of
burst rates, we can see clear attenuation of 100 Hz

narrowband signals at high altitudes. This attenuation is

mainly due to Laudau damping of upward propagating of
waves. Figure 6a shows that the waves are more strongly
damped for more oblique propagation angles. Figure 6b
shows that the waves are attenuated more in high density

regions.
Strangeway (1992) investigated the relationships

between the 100 Hz wave intensity and the magnetic field
as well as the electron density for season three data. His
results showed that the waves are most intense when the

magnetic field is high. but there is little or no dependence
on electron density. A strong magnetic field results in low
electron plasma [3and makes the plasma more transparent
to whistler mode waves. Because we always see the higher
burst activity in lower altitudes, we think that this is due

to upward propagation of whistler waves from below. The
resonance cone propagation argument only applies for

upward propagation of whistler mode waves from below
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Fig. 6. Dependence of the 100 Hz burst activity in the low and
high ionosphere on: (a/ the magnetic field orientation and (b)
electron density. The 100 Hz NB signal activity decreases with
increasing radial angle of the magnetic field, while it is less
dependent on plasma densities in the lower ionosphere. Fol-
lowing Brace e! al. (1982). we have define the lower ionosphere
as altitude below 600 km. Both dependencies show that the 100
Hz NB signals have large damping for oblique propagation and
larger plasma densities
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the ionosphere. Given the large refractive index of whistler
mode waves in the ionosphere, Snell's law requires that

waves entering the ionosphere from below propagate ver-
tically in a horizontally stratified medium. At the bottom
of the ionosphere, the refractive index quickly changes
from 1 to 1000, The wave normal will be refracted into

the vertical (radial) direction and fall within the resonance
cone when the field is sufficiently close to vertical. At

higher altitudes the refractive index will change slowly.
This mechanism does not apply for downward

propagation.

5. High altitude source

From the distributions oFVLF waves shown in Figs 3 and
5, we also see that some waves occur more frequently at

higher altitudes. We expect that these signals are locally
generated in the upper ionosphere or the tail. They mainly
include weak LF wideband noises, mid-frequency broad-

band signals along the shadow edge and high frequency
narrowband signals in the tail. From Fig. 5 we see that
above 600 km altitude, the signals in the two higher fre-

quency channels gradually increase with increasing alti-
tude and become more active above 2000 kin. This vari-
ation would be difficult to reconcile with a subionospheric

source.
We have examined the possibility that an ion acoustic

wave is responsible for the MF waves near the optical

shadow edge. Through analysis of the individual data we
find that the 5.4 kHz signals associated with the M F waves
are often observed in conjtmction with reversals of the B,

component of the magnetic field. Furthermore the density
can be enhanced bv an order of magnitude. These features

are the signatures of attached or detached plasma clouds.
Because these waves are broadband waves and have par-

allel polarization in the 5.4 kHz channel, they are probably
ion acoustic wave generated by a current driven insta-

bility. These signals are different from the weak LF inter-
ference noise (see Figs Ib and 2a).

The high frequency narrow band signals almost always
correspond to lower density regions in the upper iono-

sphere (Fig. 3['). Ho el al. (1993) have shown that the
signals in both channels have parallel polarization relative
to the background magnetic tield. We have performed a
statistical study to identify these high frequency wave
modes. Figure 7 shows the correlation between the aver-
age maximum intensity, and burst rate of the 30 kHz

-waves with the electron density. They both peak around

10 cm -_ in electron density. We know that electron plasma
oscillations with this density have a frequency around 30

kHz. Considering the + 15% bandwidth of this frequency
channel, the plasma density may be between 8.0 and 14.7
cm -'. Thus. they are presumably Langmuir waves. They

always appear in the top of the ionosphere, where the
solar wind electrons may excite some instabilities. When
the electron density is extremely low (-0.36 cm--_), the

plasma frequency equals 5.4 kHz. It is possible that the
density reaches such a low value and excites waves in
the 5.4 kHz channel as shown in Fig. 2e. For a + 15%

bandwidth with frequency centered on 5.4 kHz the cot-
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Fig. 7. The correlation of the 30 kHz signal intensity (dashed
linel and burst rate (solid linel with local plasma density in the
upper ionosphere. Most signals correspond to the density level
of 10 cm _. The waves are probably Langmuir waves

responding electron density ranges from 0.26 to 0.48 cm-3.
However, the Langmuir probe is unable to resolve such
a low density. The evidence for Langmuir oscillation is
discussed more fully by Ho et al. (1993).

In order to identify the wave mode of the weak LF
wideband noises, we have performed polarization tests on

these signals. We find that the polarization pattern of
these signals is not clear. While some signals have
maximum electric field intensity nearly parallel to the

background magnetic field, others peak nearly per-
pendicular to the ambient magnetic field. We also do not
find control of the signals by the magnetic field orientation
and the spacecraft motion. This means that these signals
are not a whistler mode and also are not Doppler-shifted.
Because the LF wideband burst signals mainly appear
around the shadow edge. their occurrence rate has a clear

dependence on p, instead of an altitude dependence. Fur-
thermore, we find that most LF wideband signals are

observed mainly in the inbound leg of an orbit, rather
than outbound. This asymmetry in the occurrence rate is

clearly shown in Fig. 8.
In Fig. 8 we show the burst rates of all 22 seasons for

altitudes above 600 km using a superposed epoch analysis.

In the left panel of the figure, we have superposed the
data from each orbit using the exit from sunlight as the
reference time. We have not stretched the data, but kept

the time spent for each orbit constant. For example, a

pass of 10 min duration contributes to the first 10 min of
the left panel. Similarly, we have used the exit from
shadow to sunlight as the reference time for the right-

hand panel, the same orbit with 10 min duration therefore
contributes to the last 10 rain of this panel. Thus, the data
sampling is a minimum at the center of the figure. We see
that burst rates are basically syrnmetric for 730 Hz and
5.4 kHz signals. However. for the LF (100 Hz) wideband

signals there is an obvious asymmetry in the occurrence
rate. From the inbound plot. we see that the rate suddenly
decreases at about 400-600 s after the shadow edge. From

the outbound plot, we see that the rate is a maximum
near the center of the figure and then gradually decreases
towards the outbound shadow edge. This slow decrease is

due to the superposition of different orbits where time of
shadow entry occurs at different times with respect to
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Season 1 -- 22, a t > 600 km
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Fig. 8. Occurrence rate dependence on time with respect to the inbound and outbound shadow edge.
In the left panel, orbits are superposed starting at the time of the inbound shadow crossing. The data
in the right panel are plotted with respect to the outbound shadow crossing time. The 730 Hz and 5.4
kHz signal rates are symmetric, while the LF (100 Hz) wideband signals are dearly asymmetric. There
is a sudden drop in the occurrence rate about 10 rnin from the inbound shadow edge

shadow exit. We also find that the wave amplitude and

activity are higher near the shadow edge. This feature

strongly implies that the signals are related to the space-
craft interaction with plasma. Even though we cannot

completely exclude the possibility of some ambient
sources, any naturally occurring waves propagating
l'rom outside the sheath should not display any inbound/

outbound asymmetry. We note that the other signals are
symmetric. Perhaps some residual charging due to photo-
electron emission remains on the spacecraft on entering the

optical shadow. This charge is then slowly reduced and
hence we observe the noise mainly on the inbound legs.
but we do not know how or why the spacecraft would

retain the charge. Additionally. we note that no spacecraft

operation commands are correlated with the inbound,
outbound structures. Thus, it is still a mystery as to what
kind of mechanism generates these interference signals.

6. Summary

This statistical study has presented the entire Venus night-

side spatial distribution of VLF burst activity using data
obtained over most of the PVO lifetime. The extension of

our study to greater altitudes and over a longer interval
has helped reveal the characteristics of the wave activity
in the higher ionosphere. A general picture we can draw
is that below 600 km. 100 Hz NB signals propagate

upward with rapid attenuation with increasing altitude.
Above 600 km, the 100 Hz N B signals may be ducted by

irregularities in the magnetic field and plasma density in
that altitude region. This propagation will produce smal-

ler damping for the whistler mode signals so that they can
extend to 3000 km altitude. However. when averaged over

all ahitudes only 23% of all I00 Hz burst events have
properties consistent with whistler mode waves• The rest
are wideband signals• Solar variations do not appear to
affect the VLF signal activity• The variation of the

subionospheric source appears to play the main role in
whistler burst activity. This study also verifies the results
of previous studies of the altitude, magnetic orientation
and electron density dependence. Since we have used 30 s

averages for this study, the dispersion effect of the waves
is not distinguishable and the resonance cone test also is
less accurate• The high frequency wideband signals seem
also to have a low altitude source. They are quickly

damped with increasing altitude in the lowest ionosphere•
Around the wake region, the strong mid-frequency

broadband burst signals occasionally appear. Though

they also appear along the optical shadow edge, they
are significantly different from the weak LF wideband
interference noise. These MF broadband signals are prob-

ably associated with plasma clouds. Because they always

appear as wideband waves, they appear to be locally gen-
erated ion acoustic waves. In the tail above 1500 km we

observed narrowband waves in the two high frequency



C.-M. Ho et al. : Spatial distribution of plasma wave activity

channels. These waves have different features from the

low altitude high fi'equency waves, suggesting they are

generated locally. They are closely correlated with low

plasma density regions in the tail. The 30 kHz signals

usually are associated with the electron density level of 10

cm -) while the 5.4 kHz signal corresponds to an unde-

tectable density presumably below the Langmuir probe

threshold. Assuming these waves are at the electron

plasma frequency, we can map the location of plasma

cavities within the tail (Ho et al.. 1993).

We also observed some weaker and low frequency wide-

band noise in both the 100 and 730 Hz channels. The

noise is seen primarily near the edge of the planetary

optical shadow and has an inbound to outbound asym-

metry. It is still unclear what causes these signals.

Spacecraft interference is a more likely source, in con-

trast to a local wave instability.

Through this survey of 22 PVO seasons in the Venus

nightside ionosphere, we conclude that there are essen-

tially three wave sources which are responsible for the

following four types of VLF waves observed by PVO.

( 1 ) The first type is only observed in the 100 Hz channel

and not in anv of the higher frequency channels. This I00

Hz signal occurrence is also controlled by the magnetic

field strength and orientation, but with a weaker depen-

dence on electron density. The occu,'rence rate decreases

_ith increasing altitude to a height oi"600 kin. For higher

altitudes beyond 6O0 km the occurrence rate remains

roughly constant. We deduce that these signals are
whistler-mode x_a_es _hich come from a subionos-

pheric source, presumably lightning.

(2) The second type is a broadband wave appearing in

the lower ionosphere. The signal often extends from the

100 Hz into 730 Hz, 5.4 kHz and 30 kHz channels. These

broadband signals are more impulsive and have stronger

intensity relative to the background in the 5.4 kHz chan-

nel. They mainly appear below 500 kin. These signals a,'e

also thought to come from a subionospheric source.

(3) The third type is mid-frequency broadband burst

signals occur m the wake region. They usually last I 2

min and are well above the threshold level in each channel.

These signals are closely associated with a current laver

/ B, reversal) around plasma clouds. They are probably ion

acoustic wave generated bv a current driven instability.

(4) Lastly. we observe some signals which appear in

the higher frequency channels. They are narrow band

waves and appear either in the 30 or the 5.4 kHz channel.

They occur in the upper ionosphere, corresponding to the

823

plasma cavity in the tail region, where the electron density

is below 10 cm ". Thus. they are presumably Langmuir

waves.
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Evidence for ion transport and molecular ion dominance
in the Venus ionotail

D. S. Intriligator, 1 L. H. Brace, 2 P. A. Cloutier, 3 J. M. Grebowsky, 4 R. E. Hattie, 4

W. T. Kasprzak, 4 W. C. Knudsen, 5 and R. J. Strangeway 6

Abstract. We present analyses from the five Pioneer Venus Orbiter plasma experiments and

the plasma wave experiment when a patch of phsma with enhanced densities was encountered

in the near-Venus ionotall during atmospheric entry at an altitude of - 1100 km in the nightside

ionosphere. Our analyses of the thermal and superthernud ion measurements in this plasma

feature provides the first evidence that at times molecular ions in the 28-32 anau mass range are
dominant over atomic mass species thus yielding evidence for a transport mechanism that

reaches into the lower ionosphere. Analysis of plasma analyzer (OPA) observations at this time

indicates the presence of ions measured in the rest frame of the spacecraft at -27 and 37 volt

energy per unit charge steps. In the rest frame of the planet these superthermal ions are

flowing from the dawn direction at speeds (assuming they are O_) of -8 km/s and with a flow

component downward (perpendicular to the ecliptic plane) at speeds of -2 km/s. OPA

analyses also determine the ion number flux, energy, flow angles, and angular distributions.
Plasma wave bursts appear to indicate that plasma density decreases within and on the

equatorward edge of the patch of enhanced plasma densities are associated with ion acoustic

waves mad relative ion streaming.

Introduction

We present analyses of a plasma feature observed

during atmospheric entry in the nightside Venus ionosphere.
While we observe the feature for the first time, in fact it

may be quite common, but the instrument configurations
and orbiter location were rarely optimal for its detection.

During our event all five of the Pioneer Venus Orbiter

(PVO) plasma instruments were appropriately configured
and 27 and 37 V ion flux enhancements were present in the

orbiter plasma analyzer (OPA) data. We analyze these
OPA measurements obtained in the low-energy (0 to + 250

V) ion mode [Intriligator et al., 1980]. We also analyze
simultaneous orbiter electron temperature probe (OETP)

Langmuir probe observations [Brace et aL, 1980]; orbiter

ion mass spectrometer measurements (OIMS) [Taylor et aL,

1980]; orbiter retarding potential analyzer (ORPA) results

[lOmdsen et aL, 1980]; orbiter neutral mass spectrometer

(ONMS) observations [Niemann et aL, 1980]; and OEFD

orbiter electric field data [Scarfet aL, 1980] measurements.

This is the first publication of analyses of the OPA

plasma measurements during atmospheric entry in the near

(< 1 Rv) Venus ionotail. Vaisberg et al. [1977] discussed
Venera 9 and 10 measurements in this region. Brace et al.

[1987] described the ionotail of Venus as the near-tail

region where the ionosphere becomes increasingly filament-

ary with increasing altitude, apparently forming cometlike

tail rays that extend several thousand kilometers behind the

planet.

ISpace Plasma Laboratory, Carmel Research Center,

Santa Monica, California.

2Space Research Laboratory, University of Michigan,

Ann Arbor, Michigan.

3Space Physics Department, Rice University, Houston,
Texas.

-4NASA Goddard Space Flight Center, Greenbelt,

Maryland.

5Knudsen Geophysical Research, Monte Serene,
California.

6Institute of Geophysics and Planetary Physics,

University of California, Los Angeles.

Copyright 1994 by the American Geophysical Union.

Paper number 94JA01341.
0148 -0227/94/94JA-01341 $05.00

Analysis of Measurements

Figure la shows the OPA low-energy ion plasma flux

as a function of time during the nightside periapsis passage

on orbit 4574 on June 14, 1991. Except for the ionosheath
fluxes at the end of this time interval (> 4800 s), the high-
est OPA fluxes are observed from 3911 to 3963 s which we

will refer to as the - 3900 s plasma feature m the nightside

ionosphere. The trajectory information at the bottom of
Figure 1 indicates that tiffs SUl_erthermal ion feature was
traversed at an altituJe of - 1100 kin, a latitude of + 12°,

a longitude of + 103 °, a solar zenith angle of 165 °, and at
a local time of 0.6 hour. The OETP electron densities are

shown in Figure lb. The dark vertical bars along the

bottom represent the region where the spacecraft was in the

optical umbra of Venus and serve to illustrate the scale size

of the ionotail structures relative to the size of the planet.

t7.413
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Figure 1. (a) Orbiter plasma analyzer (OPA) low energy

ion plasma flux (using measurements obtained - 13 s apart)

as a function of time during rtightside periapsis on orbit
4574 on June 14, 1992. The highest fluxes are associated

with a superthermal ion feature near 3900 s. (b) Orbiter
electron temperature probe (OETP) electron densities as a

function time on orbit 4574. The superthermal ion feature

at -3900 s is evident in these data. (c) OPA low-energy

ion energy per unit charge (E/Q) steps (obtained -13 s

apart) in volts as a function of time. Each 16 E/Q step

maximum flux scan is followed by a 4 E/Q step angular

scan in the vicinity of the E/Q step where the peak flux was

measured during the previous 16 E/Q step maxinmm flux
scan [buriligator et al., 19801. As Pioneer Venus Orbiter

(PVO) traversed the _ 3900 s plasma features the OPA

comcidently was performing angular scans at 27 and 37 V.

In this panel the plasma feature at -3900 s is evident, as

is its limited spatial and/or temporal extent. Since the

feature is so narrow, only a small portion of the OPAs

energy and angular scans coincide with the spacecraft's

traversal of the feature. Inspection of Figure ic indicates
that these 27 and 37 V measurements were made in the four

E/Q step polar and azimutlml angular scans following the

sixteen E/Q step maximum flux scan [h,triligator et aL

19801. Comparison of Figures la, lb, and lc indicates that

it was simply coincidental that tile OPA energy cycle was

at the 27 and 37 V E/Q steps in the vicinity of the plasma

feature. Thus, from the OPA measurements alone it is only

possible to conclude that 27 and 37 V ions in the rest frame
of the spacecraft were present ha association with the

plasma feature, and it is not possible to conclude whether

lower-energy or higher-energy ions also were present.

Thus it is not possible to obtain agreement with the total

density measurements from other instruments.

In Figure 2 we show a schematic of the location of the

plasma feature and the southward motion of the slgacecraft.
The OPA orientation and the field of view also are shown

and these will be discussed later.

Figure 3a shows the densities from the OIMS, OETP,

OPA, and ORPA, and also the OPA flux as a function of

time. The plasma feature - 3900 s that we are focusing on
is evident in all these data sets between - 3900 and 3960 s.

The OIMS densities show a small rise in the 0 + density

(the open circles) and very large increases in the 0_ dens-
ity (the crosses) and ha the N0 -t" density (the open squares).

Mass 28 ions also were present with densities comparable

to those of 0"_. It is clear from the OIMS observations that
primarily thermal moleculars in the 28-32 anm mass range

are dominant over thermal atomic ion species. It is likely

that crosstalk [e.g., Grebowsky et aL, 19931 between

signals for the 32 ainu ions and the signals in nearby mass

channels (e.g., those for 30 and 28 ainu ions) produce

current signals in the 28 and 30 ainu settings that add to the
current collection of anibient ions with the same masses.

When we use the term crosstalk for the OIMS response, it

must be emphasized that this does not mean that only a

fraction of the source ion species current that should be

collected at the proper ainu setting is spilling into an

anomalous mass setting. As discussed by Grebowsky et aL,

[1993], superthermal ions or offsets in internal OIMS volt-

ages from nominal operating conditions, can produce a

detunmg of the response of the instrument. In such a case
the current collected at an anomalous mass setting can

exceed the current measured at the correct setting for an

incoming ion species. An analysis of the instrument

response for example indicates this to be the case for 28

ainu signatures that are produced by superthermal 30 or 32
amu ions. Hence one cannot use the OIMS deduced mole-

cular ion concentrations in this obviously perturbed region

of space to infer unambiguously the dominant molecular ion

species, but it is certain that thermal moleculars in the 28-
32 ainu mass range are dominant and that 0 + is a minor

constituent. For example, it is evident in Figure 3a that the
measured 0 + densities (as well as H + which is not plotted)

are far lower than the total electron density measured in the

OETP. The computed molecular densities, on the other
hand, are comparable to the electron densities (the dark

circles).

To further examine the ion composition associated with
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Figure 2. Schematic illustration of PVO angle of attack

and orientation and the location of tim plasma feature. Tile

OPA field of view, circular entrance aperture, curved

plates, and the array of five current collectors beyond the

exit aperture are also shown. Tile OPA simulations show

that in the spacecraft frame the fl angle is 30 ° northward

flow (with respect to the ecliptic plane) associated with the

plasma feature. However, in the rest frame of the planet,

since the spacecraft is mainly moving south at this time, the

OPA measurements indicate a southward component of

flow (see text). The superthermal ion feature -3900 s is

primarily associated with OPA azinmthal flow --90 °

which is flow from the dawn direction.

the region under consideration, 0 2 (mass 32) and 0 +

(mass 16) for energies >36 eV measurements of the

ONMS fluxes are shown in Figure 3b as a function of time.

These measurements clearly show that there is a substantial

peak in the 0 + superthermal fluxes (the open squares) in

association with the plasma feature at -3900 s. The

ONMS also sees enhanced superthermal 30 ainu ions.

Hence it is assumed that molecular superthermal ions are

part of the bulk distribution. The ONMS measurements

above 36 eV clearly provide more evidence that molecular

ions (e g, oI) and .ot atomic ions (eg, o+) are
dommar_t within the patch of enhanced plasma fluxes.

Compa_son of the magnitudes of the supertherrnal 0_
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fluxes relative to the 0 + fluxes from the ONMS (Figure

3b) with the corresponding ratios of ion densities deduced

by the OIMS (Figure 3a) for the same nmsses indicate that

in both energy regimes the molecular ion abundances are

more than an order of magnitude above those of the 0 + in

the plasma feature.

At this time the ORPA also measures increased ion

densities and the OPA measures increased ion fluxes, but

these instruments by themselves cannot unmnbimlously det-

ermine the ion masses. On the basis of OIMS and ONMS

determinations, we assume that 0"_ is the most
i

abundant

species, and this is accepted for interpretation of the ORPA

measurements and the OPA simulation. The ORPA results

and the results of the OPA simulations (see below) are

relatively insensitive to whether mass 28, 30, or 32 is

assumed. We derive a thermal 0_ density cm-3of 373
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Orbiter ion mass spectrometer (OIMS),

OETP, orbiter retarding potential .analyzer (ORPA), and

OPA densities and OPA flux as a function of time m the

vicinity of the plasma feature. The tip of the arrow

indicates the actual location of the ORPA densities. The

OIMS measurements show molecular ions are dominant

(see text). The solid triangles indicate the OPA polar scan

fluxes used as input in the simtdation (see Figure 5). The

straight line shows the OPA density estimated m the

simulation. The narrow temporal/spatial extent of the

plasma feature introduces uncertainties in the OPA density

estimates. The OPA esthnate could be lower than the

ambient density but the nmgnitude of the uncertainties is

difficult to assess (see text). (b) Orbiter neutral mass

spectrometer (ONMS) mad OPA fluxes as a function of

time. Note that the ONMS identifies 0_ as the dominant

ion in this plasma feature.
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from the ORPA observations at 3942 s, a number that is

consistent with the N e measurements. This is derived
based on the measurements in a 0.16 s I-V scan using the

ORPA measured vehicle potential of -0.6 V and the know-

ledge of the exact orientation of the ORPA axis with

respect to the spacecraft velocity vector at the time of
measurement. Similarly, at 3909 s, on the polarward edge
of the feature, the ORPA density is 124 cm "3 for thermal

0_. 0 5 temperatures and velocities were also derived and
these will be discussed in the relevant sections below. The

ORPA densities are denoted by the end of the arrows from

the asterisks in Figure 3a.

The 0; density for the higher energy population
estimated from the OPA simulations (see Figure 4) is -80

cm -3 and is denoted by the horizontal line in FiDtre 3a.

The input data (the solid triangles in Figure 3) used in the
OPA instrument simulation were the ion fluxes obtained on

collectors 5 and 4 in the polar scan on four E/Q steps in the

vicinity of the peak [h_triligator et al., 19801. These
observations were obtained between 3891.5 and 3969.5 s.

We emphasize the narrow time/spatial extent of the plasma
event. The OPA observations contain contributions from

spatial and/or temporal variations whose magnitude cannot

be easily assessed. This may result in our obtaining a

lower density and a lower temperat-ure than those character-

istic of the ambient plasma since, for the purpose of this
simulation we assumed a quasi-steady state during tiffs 78

s time interval. As emphasized by the four solid triangles

in Figure 3, this does not appear to be the case, but it

allows us to fit the four solid triangles with one distribution

function. A convecting Maxwell-Boltzmann plasma distri-

bution function was assumed. The output of the simulation

is the plasma parameters - density, temperature, speed, and

north-south angles of flow associated with the distribution.

The east-west (azimuthal) flow angle distributions in the

ecliptic plane are determined independerltly in the azimuthal
scans and are shown in Figure 5. Since the duration of the

plasma feature only extended from -3910 to 3950 s, only

[
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Figure 4. OPA low-energy ion flux (solid line) obtained

on collector 5 in the polar scan as a fimction of volts tot

the four E/Q steps, that is, the solid triangles in Figure 3 in

the vicinity of the plasma feature. Results of a prelinlinary

instrument simulation of these 78 s of data are indicated by

the dashed line. The assumptions and uncertainties associa-
ted with the simulation are discussed in the text.
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Figure 5. OPA azimuthal angle distributions showing the

flux as a function of azimuthal angle for the 27 V (upper)

and 37 V (lower) E/Q steps. The peak polar angle at each

energy step is obtained -13 s (i.e., one spacecraft

revolution) before the peak azimuthal angle tbr that energy

step. The duration of each of the data points is -25 ms.

The angular scans shown here were obtained in four

sequential spacecraft rotations (polar 27 V, azimuthal 27 V,

polar 37 V, azimuthal 37 V). The negative angles denote
flow from the east. The 27 V scan peaks at --89 °

indicating that these ions are flowing from the east

horizontally (parallel to the surface of Venus) which means
that the flow in this poleward portion of the plasma feature

is from the dawn direction. The 37 V azimuthal scan peaks

at --77" indicating a slight component of the flow directed

outward from the planet at the equatorward edge of the
feature.

one set of polar scans was obtained near it (mad these

straddle the feature as shown in Figure 3), and, thus only

one set of parameters could be obtained from the simula-

tion. These simulations also indicated that in the spacecraft

frame the polar flow is -30* from the ecliptic plane to the
north, i.e., flow from the south (see below). In the rest

frame of the planet the flow has a component to the south.

The 0 5 temperature and speed estimates are discussed
below.

It should be noted that the OETP measures the electron

(i.e., total ion) density. The ORPA. DIMS, ONMS mea-

surements, and to some extent the OPA measurements, are

dependent on the flow characteristics of the ions with

respect to the instrument apertures.
With respect to plasma teml_eratures the OETP

measurements yield an electron temperature of -7000K,

which is typical of the nightside ionosphere at tiffs altitude.

The ORPA derivation at 3942 s in the plasma feature yields

an 0 5 temperature of 10,237K and at 3904 s a temperature
of 17,394K is obtained on the poleward edge of the feature.

In the plasma feature the OPA simulation estimates a temp-
erature of -10,000 + 250K which, as discussed above,

may be lower than the ambient plasma temperature since

measurements were only obtained on two energy steps in

the plasma feature due to its limited spatial/temporal extent.
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The component of the ORPA ion bull velocity parallel

to the instrument axis was calculated. It is positive when

directed along the outward direction of the instrument axis.

At 3942 s in the plasma feature the direction cosines of the

ORPA instrument axis in solar ecliptic coordinates were

0.35, -0.2, mad -0.94. At 3942 s the velocity component

along the instrument axis derived from the 0.16 s sweep

was +0.46 km/s. Similarly, at 3909 s on the poleward

edge of the plasma feature, the comparable direction

cosines of the ORPA axis were -0.48, 0.12, and -0.87 and

the component of velocity along the ORPA instrument axis

was + 1.93 km/s. The OPA simulation shown in Figure 4

yields an 0_ bull speed in tile spacecraft frmne of - 12.5

krn/s after correcting for vehicle potential.

It is useful to convert the OPA velocity from the rest

frame of the spacecraft to the planet's rest frame. The

OPA measures (see Figures 2 and 5) the pe',d< azinmtlml

flow direction as --90 ° (for the 27.4 V polar and azimu-

thal scans). If we assume that -90 ° , flow from dawn to

dusk, is the azmauthal flow direction (_) and as determined

from the OPA simulation/3 = 30 ° (Figure 2) is the north-

south flow direction then we obtain (0, -10.8, + 6.3) for the

relative ion velocity in solar ecliptic coordinates with

respect to the spacecraft. Using tile 3942 s values for the

spacecraft velocity (+ 0.19, + 2.51, -8.77), then we obtain

(+0.19, -8.3, -2.5) for the ion velocity relative to the

planet. This implies that the ions measured by the OPA are

predominantly moving toward the negative Y component

(i.e., to dusk from dawn) at 8.3 kn_"s and downward

(toward the south with respect to the ecliptic plane) at 2.5

km/s. (If there had been no Z (north-south) component of

flow then the OPA should have been 8.77 instead of 6.3 as

the Z component.)

To compare the OPA velocity (derived by combining

and then fitting samples obtained between 3911 and 3950 s)

with the ORPA velocity component along the direction of

the ORPA instrument axis (derived from a 0.16 s sample at

3942 s) we dot the OPA velocity vector into the direction

of the ORPA instrument axis. Tiffs yields +4.1 knVs but

the ORPA measures +0.46 knVs at 3942 s. This discrep-

ancy may be due to changes in the flow parameters in the

plasma feature since the OPA simulation assumes a steady

state from the first polar scan peak flux to the fourth polar

scan peak flux (-3892 s to 3970 s). However, tile OPA

azimutlml angle scans (Figure 5) indidcate a t2 ° change in

azimuthal flow during this time and the density profiles

(Figures 3a and 3b) also show changes dnrmg this time.

In order to clearly focus on the azimuthal flow' angles,

Figure 5 shows angular distributions. These azimuthal

scans look very real with a well-defined direction. They

indicate flow from dawn to dusk in _greement with the

ONMS results which represent ions with energies exceeding

36 V (see Figure 6 and text below).

Figure 6 shows the azimuthal flow angles of the

superthermal component of the ions measured by the

ONMS. The 0_ flow angle in association with the plasma
feature between -3910 and 3960 s is --80 ° to -110 °. In

the ONMS convention tiffs represents flow from the dawn
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Figure 6. ONMS azimuthal flow angle as a fimction of

time on the same time scale as in Figure 3. The 0 + flows

between -3910 and 3960 s are in the vicinity of -80 ° to

-110% These 0_ flow angles indicate dawn to dusk flow

and are consistent with tile 0 _ flow angles from the OPA

(Figure 5).

direction. Thus the ONMS and the OPA azimuthal flow

information agree.

In Figure 7 we present the high- resolution OEFD

plasma wave observations for the 100-Hz, 730-Hz, 5.4-

kHz, and 30-kHz channels for the same time interval as that

shown in Figures 3a, 3b, and 6. There are enhancements

in the plasma wave signals in the 730-Hz and 5.4-kHz

channels associated with the plasma feature at -3900 s.

There is a step-like rise, particularly in the 5.4-kHz channel

and to a lesser extent in the 730-Hz channel between

-3910 mad 3960 s that clearly corresponds to the increase

in plasma density associated with the -3900 s plasma

feature as seen in the OETP data and in the other plasma

observations in Figure 3. Between -3920 and 3930 s

there is a large plasma wave burst which is particularly

evident in the 730-Hz channel and to a lesser extent in the

5.4-kHz channel. Comparison of the plasma data in Figure

3 with this plasma wave burst indicates that the burst is

coincident with the decrease in plasma density in the OETP

and OIMS data. This 730-Hz and 5.4-kHz burst may be

indicative of the presence of ion acoustic waves. These

waves could be the result of flows in the plasma similar to

the ion streaming near the magnetotail boundary in the

extended Venus tail region where ion acoustic waves were

present [hltriligator alzd Scarf t9841. For example, there

could be relative streanfing between two ion species (e.g.,

0_ and 0 +) or relative streaming between ions of the same

species where tile ions in one of the streams have been

accelerated at some other location. There is another set of

730-Hz and 5.4-kHz bursts which occurs between 3950 and

3960 s. Again, comparing the tinting of this set of bursts

with the plasma data in Figure 3 indicates that these bursts

are coincident with the first sharp density decrease at the

equatorward edge of the plasma feature. Similarly, the

smaller plasma wave spikes in the 730-Hz channel (and less

discernably but still present in the 5.4-kHz channel
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Figure 7. OEFD plasma wave signals in four channels as
a function of time on the same time scale as in Figure 3.

Enhanced signals are evident (e.g., between 3920 and 3930

s, between 3950 and 3960 s) in the 730-Hz and 5.4-kHz
channels, m association with shaq_ density decreases within

the superthermal ion feature and along its equatorward

edge. The arrows denote regions associated with
simultaneous plasma density decreases (see Figure 3).

between '3960 and 3970 s and again between 3970 and 3980

s also correspond to steplike decreases in the OETP plasma

density (see Figure 3). All of the plasma wave enhance-
ments are most likely associated with ion acoustic waves

due to relative ion streaming in the plasma. The behavior

of the magnetic field data at the time of the plasma feature

(-3900 s) is difficult to resolve (since the only component

available is perpendicular to the ecliptic plane and it exhib-

its an offset that may not be physical [(2. T. Russell,

private communication, 1993], but there does appem" to be

a small increase in B z (the component perpendicular to the
ecliptic plane) just before the plasma feature.

Discussion

We have chosen a specific plasma feature to study

since modes of all five of the PVO plasma instruments were

appropriately configured st this time and low-energy ion
flux enhancements were present in the OPA dam. These

circumstances occur rarely or can only rarely be seen

because of :_astrument cycling. All five of the PVO plasma
measurements indicate a spikelike spatial and/or temporal

gradient is associated with this plasma feature. The OIMS
and the ONMS measurements indicate that it is primarily

associated with moleculars (e.g., 0_) and not atomic ions

(e.g., 0+). The OETP, OIMS, and ORPA measurements
indicate that the total ion densities are of the order of 300-

500 cm "3. The OPA simulation estimates sup__rtherrrud
molecular densities on the order of -80 cm -3. This

estimate may be lower than the ambient density due to the
narrowness of the plasma feature as discussed above.

As a result of the present study, we are able to make

an independent determination of the superthermal plasma

fluxes, of their energies, and the angles of flow both in the

ecliptic plane and perpendicular to it. We also are able to
determine that primarily molecular ions (e.g., 0"_) are

present and that the instruments appear to be sampling
different regimes of the same energy distribution function.
We also conclude that ion transport is taking place and that

the velocity changes in magnitude and direction across the

feature. The plasma wave observations indicate that, within
the feature and along the equatorward edge of the feature,

ion acoustic waves are present that may be indicative of

relative ion streaming. These waves appear to occur when

there are sharp density decreases in the plasma. The
dominance of molecular ions (e.g., in the ONMS measure-

ments) suggests that the ions originate from altitudes below

200 km which is the only region where chemical processes

exist which can produce molecular ions at concentrations

exceeding those of the atomic ions.

Kar et aL, [1994] have recently shown that day-to-

night transport of ionospheric plasma was diminished
considerably near solar minimum. Consequently, it is not

too likely that the 0"_ produced on the dayside was flowing
to the nightside during the time when 0 "_ was observed in

the ionotail. The dominance of 0_ in the ionotail is,
however, consistent with the nightside ionospheric plasma

being transported upward from the 0"_ peak region. The

recent reentry OIMS measurements of the nlghtside iono-

sphere near solar minimum revealed that 0"_ was at least an
order of magnitude more dense than 0 + at the ionization

peak; furthermore, analysis of this ionization layer showed

that it was produced primarily by electron impact ionization

[Kar et al., 1994]. Thus it is qnite natural to expect ions
to tend to fill a "void" and flow away from their source

region and, at least occasionally, be accelerated to the high

energies observed. Such a scenario leads to 0 _ being the
dominant ion in the ionotail, with 0 + flowing upward with

a proportionately lower concentration level (too low to be
observed by the OIMS and near background count rates by

the ONMS). The horizontal component of the observed
flow would seem to indicate that the acceleration could be

occurring near the terminator.

The PVO observations are consistent with this scen-

ario. The ONMS and OPA azimuthal flow angles (--90 °)

indicate flow into the instruments from the dawn direction

and at times (equatorward of the feature when the flow is

-77 ° ) with some component outward from the planet. The

OPA polar (north-south) flow infonaaation indicates that the

flow is directed northward at an angle of -30 ° to the

ecliptic plane (i.e., it originates in the south). Tlfis polar
flow direction is consistent with the ram direction of the

spacecraft at tiffs time as the spacecraft is traveling from the
north to the south (see Figure 2). The OPA simulation,

after correcting for the spacecraft velocity and vehicle

potential, provides a total 0 + drift speed of -8.7 krn/s
which does not exceed the escape speed (- 10 kin/s). It is

possible that the OPA speed is lower than the ambient O +
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speed if the limited extent of the event precluded obtaining
accurate data witlfin the plasma feature. The enhanced

plasma wave activities associated with the plasma feature
are consistent with the presence of relative ion streaming.

Perhaps the plasma wave bursts are indicative of the

upward flow or the acceleration of moleculars. The OETP
electron temperature of 7000K and the ORPA (at 3942 s)

and OPA (based on 3891.5 to 3969.5 s data) temperatures

of - 10,000K are consistent with an ionospheric source for

the plasma feature assuming that all instruments are

sampling parts of the same 0"_ energy distribution function.
However, due to the narrowness of the plasma feature the

OPA temperature estimate may be low since measurements

only were made on two energy steps in the plasma featnre.

Brace et al. [1987] discussed the uncertainty in

determining the magnitude of the supertlaermal ion energy

based solely on the OIMS measurements. The OPA mea-

surements presented here provide evidence for ions with

energy per unit charge of 27 mad 37 V in the rest frame of

the spacecraft. On the basis of comparisons with the
ONMS and OIMS we conclude these are primarily 0_
ions.

We have presented the first analysis of OPA low-

energy ion measurements during atmospheric entry in the

nightside Venus ionosphere. We provided the first plasma
density, speed, components of flow, and temperature

analysis for the low energy ion OPA nleasurements. We
obtain OPA measurements at 27 and 37 V, the plasma

number flux, and angles of flow. We present (Figltre 5)

the first azimuthal angular distributions of OPA
measurements. These parameters are generally consistent

with those from the other plasma instruments. This is also

the case for the plasma parameters derived from the ORPA
observations obtained in two different 0.16 s sweeps.

However, the OPA velocity dotted into the ORPA instru-

ment axis yields a different (larger) velocity component

than that measured by the ORPA. Since the OPA determ-
ination assumes steady state and we know that between

3911 and 3950 s conditions are changing this could be why
the ORPA value at 3942 s is different.

There is general agreement between the superthermal

fluxes as measured by the ONMS and the OPA. Kctvp_ak
et al. [1991] report that the averaee 0 + flux for _)+.ions
> 36 eV measuredby the ONMS is about ._05 9m "_"s-1 but

8 -/ -1
that higher fluxes from 106 to l0 cm- s have been
observed about 10% of the time. 0 _ flttxes on the order

of - 105 are observed by the ONMS in association with the

superthermal plasma feature. The peak 0 + fluxes above 36

V measured by the ONMS in the superthennal plasma fea-

ture sharply increase over an order of magnitude to reach
-5× 10°. The low-energy ion fluxes measured by the

OPA in the plasma feature also show a sharp increase with
a maximum flux near 2×107 . If it is assumed that the

ONMS is measuring that portion of the OPA distribution

shown in Figure 6 above 36 eV then approximately 20% of
the ion flux observed by the OPA is being measured by the

ONMS. This assumes an ONMS transmission with energy

based on laboratory data [Ka-vl)t'_ak et al.. 1987]. A similar
ratio of about 25 % is observed in the maximum flux ratio.

These results are consistent with the ONMS measuring the

high-energy tail of a plasma distribution with a lower mean

energy as determined by the OPA.

Brace et al. [1987] found a weakened magnetic field in

the rays and that a strong steady tailward magnetic field

dominates the trough regions surrounding the rays. They

also found that an approximate pressure balance existed

across ray boundaries, with the static plasnm pressure of

the rays balanced by the magnetic pressure of the surround-

ing trough regions. From the available B z magnetic field

data on orbit 4574, B z appears to peak just before the
plasma feature; however, no reliable magnetic field data are
available in the feature.

The specific plasma feature we exanfined is a patch of

enhanced plasma densities. It could be associated with a

tail ray.

Conclusions

In this paper we conclude the following:

1. A plasma event occurred in the nightside Venus

ionosphere on June 14, 1992. The event occurs rarely or
only rarely can be seen if it is quite common since

instrument configurations and orbiter location were rarely

optimal for its detection.
2. The apparent duration of the event was - 1 rain.

3. The event was measured by all five PVO plasma

experiments (OETP, OIMS, ONMS, ORPA, and OPA) and

the plasma wave experiment (OEFD).
4. The event was associated with a patch of plasma

with enhanced thermal taxi superthermal densities.
5. For thermals the OIMS determined that molecular

ions in the 28-32 ainu mass range were dominant over

atomic ion species.

6. For superthermal (> 36 eV) the ONMS found that

molecular ions (i.e., O _) were dominant over atomic ions.
7. The molecular ion dominance is suggestive of a

source in the deep ionosphere.
8. The molecular ions are flowing from the dawn

direction as determined by both the ONMS and OPA.
9. The total ion densities are -300-500 cm -3 based

on the OETP, OIMS, and ORPA results.

10. Electron temperatures of 7000K were found by the
OETP.

11. Thermal ion temperatures of -10,000K were

obtained by the ORPA and OPA but the OPA temperasture

may be low.
12. The temperature measurements are also consistent

with an ionospheric source for the feature.

13. The OPA density and temperature estimates may
be lower than the ambient values due to the narrowness of

the plasma feature.
14. There is general agreement between the

superthermal fluxes as measured by the OMNS and the
OPA.

15. Plasma wave bursts within and on the equatorward

edge of the event appear to be associated with ion acoustic
waves and relative ion streaming.
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